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 ABSTRACT 
The purpose of this project was to examine the microstructural dependence of wear resistance of 
various plate steels, with interests in exploring the influence of retained austenite (RA). Materials resistant 
to abrasive wear are desirable in the industrial areas of agriculture, earth moving, excavation, mining, 
mineral processing, and transportation. Abrasive wear contributes to significant financial cost associated 
with wear to the industry. The motivation for the current study was to determine whether it would be 
beneficial from a wear resistance perspective to produce plate steels with increased amounts of retained 
austenite.  
This thesis investigates this motivation through a material matrix containing AR400F, 
Abrasive (0.21 wt pct C, 1.26 wt pct Mn, 0.21 wt pct Si, 0.15 wt pct Ni, 0.18 wt pct Mo), 
Armor (0.46 wt pct C, 0.54 wt pct Mn, 0.36 wt pct Si, 1.74 wt pct Ni, 0.31 wt pct Mo), 9260, 301SS, 
Hadfield, and SAE 4325 steels. The Abrasive, Armor and 9260 steels were heat treated using different 
methods such as quench and temper, isothermal bainitic hold, and quench and partitioning (Q&P). These 
heat treatments yielded various microstructures and the test matrix allowed for investigation of steels with 
similar hardness and varying levels of RA. The wear test methods used consisted of dry sand rubber 
wheel (DSRW), impeller-tumbler impact-abrasion (impeller), and Bond abrasion wear testing.  DSRW 
and impeller wear resistance was found to increase with hardness and retained austenite levels at certain 
hardness levels. Some Q&P samples exhibited similar or less wear than the Hadfield steels in DSRW and 
impeller tests. Scanning electron microscopy investigation of wear surfaces revealed different wear 
mechanisms for the different wear test methods ranging from micro-plowing, to micro-cutting and to 
fragmentation. 
  
  iv 
 TABLE OF CONTENTS 
ABSTRACT .................................................................................................................................. iii 
LIST OF FIGURES ..................................................................................................................... vi 
LIST OF TABLES ..................................................................................................................... xiv 
ACKNOWLEDGEMENTS ...................................................................................................... xvi 
 INTRODUCTION ......................................................................................................... 1 CHAPTER 1 :
1.1 PROBLEM STATEMENT AND INDUSTRIAL RELEVANCE ............................................ 1 
1.2 PROJECT OBJECTIVES ......................................................................................................... 1 
 LITERATURE REVIEW ............................................................................................. 2 CHAPTER 2 :
2.1 INTRODUCTION .................................................................................................................... 2 
2.2 TYPES OF WEAR.................................................................................................................... 2 
2.3 ABRASIVE WEAR MECHANISMS ...................................................................................... 3 
2.4 TYPES OF WEAR TESTING .................................................................................................. 5 
 DSRW ABRASIVE WEAR TEST ..................................................................................................... 6 2.4.1
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST ........................................................ 7 2.4.2
 BOND ABRASION MACHINE ......................................................................................................... 7 2.4.3
 PIN-ON-DISK ABRASIVE WEAR TEST ......................................................................................... 9 2.4.4
 SCRATCH HARDNESS TEST ........................................................................................................ 10 2.4.5
 FIELD WEAR TESTS ...................................................................................................................... 11 2.4.6
2.5 MICROSTRUCTURAL EFFECTS ON ABRASIVE WEAR ............................................... 12 
 EFFECTS OF HARDNESS AND MICROSTRUCTURE ............................................................... 12 2.5.1
 WEAR OF STEELS CONTAINING RETAINED AUSTENITE .................................................... 20 2.5.2
2.6 QUENCH AND PARTITIONING PROCESS ....................................................................... 31 
2.7 HADFIELD STEELS ............................................................................................................. 34 
 EXPERIEMTNAL PROCEDURE ............................................................................ 35 CHAPTER 3 :
3.1 INTRODUCTION .................................................................................................................. 35 
3.2 MATERIALS .......................................................................................................................... 35 
3.3 HEAT TREATING ................................................................................................................. 36 
3.4 MICROSTRUCTURAL CHARACERIZATION .................................................................. 38 
 LIGHT OPTICAL MICROSCOPY .................................................................................................. 38 3.4.1
 SCANNING ELECTRON MICROSCOPY ...................................................................................... 39 3.4.2
 X-RAY DIFFRACTION ................................................................................................................... 40 3.4.3
3.5 HARDNESS MEASUREMENTS .......................................................................................... 42 
  v 
3.6 WEAR TESTING METHODS ............................................................................................... 42 
 DRY SAND RUBBER WHEEL ....................................................................................................... 43 3.6.1
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST ...................................................... 46 3.6.2
 BOND ABRASION MACHINE ....................................................................................................... 47 3.6.3
 RESULTS AND DISCUSSION ................................................................................. 52 CHAPTER 4 :
4.1 INTRODUCTION .................................................................................................................. 52 
4.2 MICROSTRUCTURAL CHARACTERIAZTION ................................................................ 52 
 AS-RECEIVED MICROSTRUCES ................................................................................................. 52 4.2.1
 ABRASIVE, ARMOR, AND 9260 HEAT TREATED MICROSCTRUCTURES .......................... 53 4.2.2
4.3 RETAINED AUSTENITE LEVELS IN HEAT TREATED SAMPLES ............................... 66 
4.4 HARDNESS RESULTS OF AS-RECEIVED AND HEAT TREATED MATERIALS ........ 70 
4.5 WEAR TEST RESULTS ........................................................................................................ 72 
 DSRW WEAR RESULTS ................................................................................................................ 72 4.5.1
 DSRW RESULTS FOR THE AS-RECIVED STEELS .................................................................... 73 4.5.2
 DSRW FOR HEAT TREATED ABRASIVE, ARMOR, AND 9260 STEELS ................................ 73 4.5.3
 DSRW RESULTS FOR AUSTENITIC HADFILED AND 301 STAINLESS STEELS .................. 81 4.5.4
 REATINED AUSTENITE EFFECTS ON DSRW WEAR ............................................................... 83 4.5.5
 SEM INVESTIGATION OF DSRW WEAR SURFACES ............................................................... 87 4.5.6
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST RESULTS .................................... 90 4.5.7
 SEM MICROSGRAPHS OF THE IMPELLER WEAR SURFACES .............................................. 93 4.5.8
 BOND ABRASION TEST RESULTS .............................................................................................. 95 4.5.9
   SEM MICROGRAPHS OF BOND WEAR SURFACES ................................................................. 97 4.5.10
4.6 WEAR TEST METHOD COMPARISION FOR 9260 HEAT TREATED SAMPLES ........ 98 
 CONCLUSIONS ....................................................................................................... 103 CHAPTER 5 :
REFERENCES .......................................................................................................................... 105 
APPENDIX A: HARDNESS DATA ....................................................................................... 108 
APPENDIX B: MICROGRAPHS ........................................................................................... 111 
APPENDIX C: HEAT TREATMENT IDENTIFIERS FOR RAW DATA ........................ 121 
APPENDIX D: DSRW DATA ................................................................................................. 122 
APPENDIX E: IMPELLER DATA ........................................................................................ 129 
APPENDIX F: BOND DATA .................................................................................................. 131 
 
  vi 
 LIST OF FIGURES 
Figure 2.1 Microscopic mechanisms of material removal between abrasive particles and 
the surface of wear material: (a) microplowing, (b) microcutting, and (c) 
fragmentation [4, 6]. ................................................................................................ 4 
Figure 2.2 Schematic of (a) sliding wear mechanism of hard materials, and (b) wear 
mechanism of soft materials when friction is exceeded by wear resistance [5]. ..... 4 
Figure 2.3 Schematic Diagram of DSRW Test Apparatus using ASTM G 65-04 
Procedure B [8]. ....................................................................................................... 6 
Figure 2.4 Light optical micrograph showing the morphology of silica abrasive 
(AFS 50/70 Test Sand Ottawa Silica Co.)
 
[8]. ......................................................... 6 
Figure 2.5 Schematic of impeller-in-drum wear test apparatus rotating around the vertical 
axis [10]. .................................................................................................................. 7 
Figure 2.6 Schematic of Bond Abrasion Machine [11]. (a) View of Drum and (b) view of 
impeller shaft cross-section...................................................................................... 8 
Figure 2.7 Schematic of Bond Abrasion Machine (a) static and (b) dynamic view [9]. ........... 9 
Figure 2.8 Schematic of pin-on-disk wear test system. F is the normal force on the pin, d is 
the pin or ball diameter, D is the disk diameter, R is the wear track radius, and 
w is the rotation velocity of the disk [14]. ............................................................... 10 
Figure 2.9 The contact of the stylus is assumed to produce a semi-circular projected area 
when viewed from the top [14]. ............................................................................... 11 
Figure 2.10 Location of wear plates on an excavator bucket for field tests: (a) side-by-side 
on the bottom of the bucket, and (b) side-by-side as liner plates within the 
bucket [5]. ................................................................................................................ 11 
Figure 2.11 Effect of microstructure and hardness on the abrasion resistance of steels: high-
stress abrasion, alumina abrasive. Adapted from Hawk [4]. ................................... 12 
Figure 2.12 Scanning electron micrograph of eutectoid steel after pure sliding at po=20 MPa 
in a pin-on-disk wear test, showing the plastic deformation of the pearlite 
microstructure [19]. ................................................................................................. 13 
Figure 2.13 Light optical micrographs of eutectoid steel in a pure sliding test at po= 20 MPa 
and 0.1 m s
-1
 speed: (a) before etching; (b) after etching. MnS were deformed in 
the direction of strain. The microstructure was severely deformed near the 
surface. Some flakes have been removed from the surface [19]. The etchant was 
not described. ........................................................................................................... 14 
Figure 2.14 (a) Light optical and (b) scanning electron micrographs of a eutectoid steel, in a 
rolling-sliding test at po= 1300 MPa, at 10 micron depth parallel to the worn 
surface. A considerably larger number of cementite lamellae appear parallel to 
the contact surface increasing the area fraction of Fe3C [19]. ................................. 15 
  vii 
Figure 2.15 Light optical micrographs showing the microstructure of samples tested by 
Liu et al. [5]. The upper edges are the cross-sections of wearing surfaces. ............. 17 
Figure 2.16 DSRW wear test data for (a) the five tested steels summarized in Table 2.5 
normalized to wear data of Steel C, and (b) the normalized DSRW wear test 
data (showing individual test data points) plotted as a function of Vickers 
hardness [5]. ............................................................................................................. 18 
Figure 2.17 Field wear measurements on (a) bottom wear plates and (b) liner plates, 
showing the as-rolled Steel AA, had similar or better wear performance than the 
heat treated, martensitic plates, Steel CC and Steel F with hardness around 265 
HV especially as bottom plate [5]. ........................................................................... 18 
Figure 2.18 Secondary Imaging (left) and Backscatter Imaging (right) images of DSRW 
wear surfaces from the five experimental steels [5]. ............................................... 19 
Figure 2.19 LOM images of Creusabro Dual (a) as-polished with 1 micron diamond and (b) 
Nital 3 pct etched [10]. ............................................................................................ 20 
Figure 2.20 Wear test results for different wear-resistant steels using the impeller-tumbler 
impact abrasive wear test shown in Figure 2.5 [10]. ............................................... 21 
Figure 2.21 Vickers hardness profile of Creusabro Dual sample after wear test [10]. ............... 21 
Figure 2.22 Secondary Imaging of the microstructure of 60SiCr7 reheated at 820 °C and 
isothermally held at 250 ºC [20]. ............................................................................. 22 
Figure 2.23 XRD patterns before and after 6000 cycles of testing for the sample 
austempered at 250 ºC [20]. ..................................................................................... 22 
Figure 2.24 Wear ratio as a function of RA fractions for specimens tested at 0.5 and 1.0 kg 
loads using a pin-on-disk wear tester with 180 grit SiC paper. Adapted from 
Cheng et al. [22]. ..................................................................................................... 25 
Figure 2.25 Schematic diagram of impact wear tester MLD-10. Adapted from Tong et 
al. [24]. ..................................................................................................................... 26 
Figure 2.26 Wear resistance versus RA fraction for heat treated high chromium cast iron 
using an impact wear tester under an impact energy of 5J, using crushed quartz 
sand of 4-7 mesh at a flow rate of 30 kg h
-1
. Adapted from Tong et al. [24]. ......... 26 
Figure 2.27 Weight loss as a function of percent RA, Vickers microhardness (right axis), 
and abrasive size using a pin-on-disk with a fixed rotational speed of 66 rpm, 
4.6 N load, for varying abrasive alumina papers (from 600 to 80) grit and a 
spiral wear track. Adapted from Coronado et al. [25]. ............................................ 27 
Figure 2.28 Abrasive resistance of samples with varying levels of RA tested with soft 
silica () and hard alumina abrasive (,). Adapted from Li et al. [26]. ............ 29 
  viii 
Figure 2.29 Impact wear test results of specimens heat treated using parameters shown in 
Table 2.13 with soft () and hard () abrasives as a function of RA. Adapted 
from Li et al. [26]. ................................................................................................... 29 
Figure 2.30 Relative weight loss versus vol pct RA where the “S” reference specimen 
corresponds to impact energies of 1(), 3(∆) and 5(◇) J cm-2 and the “H” 
reference specimen was used corresponding to increased impact energies of 
1.24(□), 3.7(△) and 6.2(◇) J cm-2 respectively. Adapted from Xi et al. [23]. ....... 31 
Figure 2.31 Calculated microstructural fractions for grade 9260 plotted as a function of the 
quench temperature assuming full partitioning prior to final quenching to room 
temperature. The Ms formula for the calculations is Equation 2.8. The dashed 
line represents the carbon content of the initial austenite () at quench 
temperature. The final austenite fraction at room temperature is labeled as final. 
Mfinal quench represents the martensite fraction after the final quench. Minitial quench 
and initial quench are the austenite and martensite fraction at the quench 
temperature prior to the final quench. Adapted from Gerdemann et al. [28]. ......... 33 
Figure 3.1 Measured CCT diagram of 9260 steel with the calculated maximum cooling 
rate for martensite formation predicted by Krauss et al. [42]. The actual thermal 
path for Q&P is also shown in the figure as the bold line with arrow. Adapted 
from Hong et al. [41]. .............................................................................................. 36 
Figure 3.2 Predicted volume fractions of RA as a function of quenching temperature. An 
optimum quenching temperature corresponding to maximum austenite fractions 
was identified as 245 °C for the Abrasive, 220 °C for the Armor, and 190 °C 
for the 9260. ............................................................................................................. 37 
Figure 3.3 AR400F wear test samples where the “X” indicates the area where ESEM 
micrographs were taken for (a) Bond Abrasion samples, (b) impeller-tumbler 
impact-abrasion samples, (c) DSRW samples. ........................................................ 39 
Figure 3.4 XRD of Phosphorous sheet (a) DSRW wear surface area is 38.1 x 12.7 mm 
(1.5 x 0.5”) where the white box represents the area being scanned at low 2 
theta values and the black box being the area scanned at high 2 theta values, (b) 
Phosphorous sheet during XRD test scan at a 2 theta value of approximately 20. 
The illuminated surface is 25.4 x 12.7 mm (1.0 x 0.5”), (c) Phosphorous sheet 
during XRD test scan at a 2 theta value of approximately 140. The illuminated 
surface is 7.62 x 12.7 mm (0.3 x 0.5”). (color image - see PDF copy) .................... 41 
Figure 3.5 AR400F wear test samples (a) AR400F as-ground to 16 Ra, (b) AR400F 
DSRW sample, (c) AR400F impeller-tumbler impact-abrasion sample, (d) 
AR400F Bond abrasion sample. .............................................................................. 42 
Figure 3.6 (a) Test set-up of DSRW (b) Leveled arm with mounted sample............................ 43 
Figure 3.7 Deteriorated rubber wheel surface after approximately 100 tests (a) right side of 
the wheel was closest to the motor (b) preferentially deteriorated area of rubber 
on the rubber wheel contact surface. ........................................................................ 44 
  ix 
Figure 3.8 Temperature of AR400F wear sample surface and rubber wheel surface 
temperature versus time. .......................................................................................... 45 
Figure 3.9 Test set-up of impeller-tumbler impact-abrasion wear test (a) mounted sample 
submerged in the abrasive (b) mounted AR400F sample. ....................................... 47 
Figure 3.10 V-cylindrical ceramic abrasive (a) as-received (b) after impeller testing. ............... 47 
Figure 3.11 (a) Bond abrasion machine showing the rotating drum and rotor [12] (b) Drum 
filled with 400 g of abrasive and sample mounted. ................................................. 48 
Figure 3.12 (a) Bond abrasion machine motor and gear box. ..................................................... 49 
Figure 3.13 Ceramic Abrasive (a) as-received (b) after first 900 s of testing (c) after second 
900 s of testing, (d) after third 900 s of testing, (e) after fourth 900 s of testing. .... 50 
Figure 3.14 Bond abrasion sample machining specifications (dimensions in inches). Set 
screw recesses were also machined into the groove to ensure the sample 
remained in the mount during the entirety of the test [12]. ...................................... 51 
Figure 4.1 LOM of the as-received condition where RD is the rolling direction, TD is the 
transverse direction, and ND is the normal direction. (a) AR400F (b) Abrasive 
(c) Armor. Etched with 2 vol pct Nital. ................................................................... 52 
Figure 4.2 FESEM Micrographs of (a,b) AR400F as-received, (c,d) SAE 4325 as-
received. Etched with 2 vol pct Nital. ...................................................................... 53 
Figure 4.3 LOM Micrographs of as-received materials (a) 9260, (b) SAE 4325, (c) 301SS, 
(d) HF1, (e) HF2, (f) HF3. The 9260 and SAE 4325 were etched with 2 vol pct 
Nital and the 301SS, HF1, HF2, and HF3 were etched with Vilella’s Etchant. ...... 54 
Figure 4.4 FESEM micrographs of materials austenitized at 860 °C for 300 s then water 
quenched (a,b) Abrasive, (c,d) Armor, (e,f) 9260 steel. Etched with 2 vol pct 
Nital. ........................................................................................................................ 56 
Figure 4.5 FESEM micrographs of Abrasive with IBH at 400 °C for (a,b) 30 s, (c,d) 240 s, 
and (e,f) 900 s. Etched with 2 vol pct Nital. ............................................................ 57 
Figure 4.6 FESEM micrographs of Armor with IBH at 400 °C for (a,b) 30 s, (c,d) 240 s, 
and (e,f) 900 s. Etched with 2 vol pct Nital. ............................................................ 58 
Figure 4.7 FESEM micrographs of 9260 steel with IBH at 400 °C for (a,b) 30 s, (c,d) 
240 s where BF is bainitic ferrite, P is pearlite, and RA is retained austenite, 
and (e,f) 900 s. Etched with 2 vol pct Nital. ............................................................ 59 
Figure 4.8 FESEM micrographs of carbides in the Abrasive Q&P samples with a quench 
temperature of 245 °C and partitioned at 400°C for (a) 30 s, and (b) 240 s 
where C labels carbides. Etched with 2 pct Nital. ................................................... 61 
  x 
Figure 4.9 FESEM micrographs of Abrasive Q&P heat treated samples with a quench 
temperature of 245 °C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, and 
(e,f) 900 s. Etched with 2 pct Nital. ......................................................................... 62 
Figure 4.10 FESEM micrographs of Armor Q&P heat treated samples with a quench 
temperature of 220 °C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, and 
(e,f) 900 s. Etched with 2 pct Nital. ......................................................................... 63 
Figure 4.11 FESEM micrographs of 9260 steel Q&P heat treated samples with a quench 
temperature of 190 °C and partitioned at 400°C for (a,b) 30 s where M indicates 
martensite and RA indicates retained austenite, (c,d) 240 s, and (e,f) 900 s. 
Etched with 2 pct Nital. ........................................................................................... 64 
Figure 4.12 FESEM micrographs of 9260 Q&P heat treated samples quenched to various 
quench temperatures (a,b) 150 °C, (b,c) 190 °C, and (c,d) 230 °C and fixed 
partitioning at 400°C for 30 s. Etched with 2 pct Nital............................................ 65 
Figure 4.13 (a) Volume fraction of RA and (b) C content for the IBH Armor and 9260 
samples..................................................................................................................... 66 
Figure 4.14 Volume fraction of RA as a function of QT for (a) Abrasive, (b) Armor, (c) 
9260 this work and (d) 9260 from Gerdemann [28]. ............................................... 67 
Figure 4.15 C content (wt pct) as a function of QT (°C) for Q&P heat treated samples (a) 
Armor, (b) 9260 this work and (c) 9260 from Gerdemann [28]. ............................. 68 
Figure 4.16 Average hardness results For WQ, IBH, and Q&P as a function of quench 
temperature and holding time (a,b) Abrasive, (c,d) Armor, (e,f) 9260. ................... 71 
Figure 4.17 DSRW data for as-received steels (filled symbols) as a function of (a) 
Rockwell, (b) Vickers. ............................................................................................. 74 
Figure 4.18 DSRW Results for all heat treated materials including WQ as a function of 
hardness (a) Abrasive, Armor, and 9260 combined; (b) Abrasive; (c) Armor; 
(d) 9260. ................................................................................................................... 75 
Figure 4.19 DSRW NVL vs. Hold Time for all WQ, IBH, and Q&P materials. (a) Abrasive, 
Armor, and 9260 combined (Uncertainty bars were omitted for readability); 
(b) Abrasive; (c) Armor; (d) 9260. .......................................................................... 76 
Figure 4.20 (a) DSRW NVL (filled symbols) vs. Hardness and Volume Fraction of RA 
(open symbols) for the microstructures consisting of large amounts of pearlite, 
bainite, martensite, and RA; (b) NVL as a function of RA for a fixed hardness 
of 31 HRC. ............................................................................................................... 78 
Figure 4.21 (a) DSRW NVL (filled symbols) vs. HRC and Volume Fraction of RA (open 
symbols) for microstructures containing large amounts of Bainite; (b) Bainitic 
materials for a fixed hardness of 32 HRC. ............................................................... 78 
Figure 4.22 DSRW NVL vs. HRC for microstructures composed primarily of tempered 
martensite at 41 ± 2 HRC......................................................................................... 79 
  xi 
Figure 4.23 Hardness and DSRW NVL for the fully martensitic materials. (a) Hardness as a 
function of C content data obtained in present work (diamonds, solid line) and 
literature data [41] (circles, dashed line); (b) DSRW NVL as a function of 
hardness (filled diamonds) and C content (open circles). ........................................ 79 
Figure 4.24 (a) DSRW NVL (filled symbols) vs. Hardness and RA (open symbols) for 
microstructures consisting of Q&P features (b)NVL as a function of RA for a 
fixed hardness of 39 HRC; (c)NVL as a function of RA for a fixed hardness of 
61 HRC. ................................................................................................................... 80 
Figure 4.25 (a) DSRW NVL vs. Hardness for the fully austenitic materials, (b) DSRW NVL 
vs. Hardness for fully austenitic and Q&P materials with 60 HRC. ........................ 81 
Figure 4.26 DSRW data for Hadfield steels as a function of grain size. ..................................... 82 
Figure 4.27 DSRW NVL Results for all the materials in the experimental matrix containing 
RA and hardness levels of (a) 36 ± 1 HRC, (b) 40 ± 2 HRC, (c) 50 ± 1 HRC, 
and (d) 61 ± 2 HRC. ................................................................................................. 84 
Figure 4.28 The decrease of RA after DSRW tests and DSRW NVL as a function of 
holding and quench temperature for 9260 samples. ................................................ 86 
Figure 4.29 DSRW data for Cryo Quench Study as a function of RA (a) CQ conditions, (b) 
CQ conditions plotted with 40 HRC materials ........................................................ 87 
Figure 4.30 SEM Micrographs of DSRW wear surfaces of as-received materials organized 
by increasing NVL (a) AR400F (40 HRC), (b) 9260 (29 HRC), (c) Armor (32 
HRC), (d) Abrasive (24 HRC). The bright white regions are embedded sand. ....... 88 
Figure 4.31 SEM Micrographs of DSRW wear surfaces of fully austenitic materials (a) HF3 
and (b) 301SS. .......................................................................................................... 89 
Figure 4.32 SEM Micrographs of DSRW wear surfaces of materials (a) 9260 Q&T, 
(b) 9260 Q&P of 190 °C, 400 °C for 240 s, and (c) 9260 Q&P of 190 °C, 
400 °C for 30 s. The bright white regions are embedded sand as confirmed by 
EDS. ......................................................................................................................... 90 
Figure 4.33 Impeller-tumbler impact-abrasion volume loss through the course of an 1800 s 
test. ........................................................................................................................... 91 
Figure 4.34 (a) Impeller-Tumbler Impact-Abrasion Results for select 9260 conditions. (b) 
All impeller data with Vickers hardness both as a function of RA. The volume 
loss of each sample was normalized to the volume loss of an AR400F sample. ..... 92 
Figure 4.35 SEM Micrographs of impeller wear surfaces of (a) AR400F, (b) 9260 Q&T, 
(c) 9260 Q&P with QT of 190 °C, and partitioning at 400 °C for 240 s, (d) 9260 
Q&P with QT of 190 °C, and partitioning at 400 °C for 30 s (e) HF3, (f) 301SS. .. 94 
Figure 4.36 Bond Abrasion NVL results as a function of RA. ................................................... 96 
  xii 
Figure 4.37 Hardness traverses starting from the wear surface (a) As-received materials, (b) 
Cryogenic treatment materials. ................................................................................ 96 
Figure 4.38 SEM Micrographs of Bond wear surface of SAE 4325 (a) Secondary: The 
bright white regions are embedded abrasive, (b) Backscatter, the dark regions 
are embedded abrasive. ............................................................................................ 98 
Figure 4.39 SEM Micrographs of Bond wear surfaces of (a) AR400F, (b) 9260 Q&T, 
(c) 9260 Q&P QT of 190 °C, PT of 400 °C for 240 s, (d) 9260 Q&P QT of 
190 °C, PT of 400 °C for 30 s (e) HF3, (f) 301SS. The bright white regions are 
embedded abrasive. .................................................................................................. 99 
Figure 4.40 SEM Micrograph of a Bond wear surface of a Hadfield steel sample. .................... 100 
Figure 4.41 Wear Method Comparison for Select 9260 Conditions at different hardness 
levels (a) 32 HRC (b) 40 HRC, (c) 60 HRC. ........................................................... 101 
Figure A.1 Average Rockwell and Vickers hardness results as a function of isothermal 
holding temperature (a,b) Abrasive, (c,d) Armor, (e,f) 9260. .................................. 108 
Figure B.1 FESEM Micrographs of (a) AR400F as-received (0.14 C), (b) SAE 4325 
as-received (0.46 C), (c) Armor WQ (0.46 C), and (d) 9260 WQ (0.60 C). 
Etched with 2 vol pct Nital. ..................................................................................... 111 
Figure B.2 FESEM Micrographs of 9260 IBH 400 °C for 30 s (a) pearlitic region, 
(b)pearlitic, martensitic and austenitic regions, (c) bainitic region, (d) low 
carbon  region. Etched with 2 pct Nital. .................................................................. 112 
Figure B.3 FESEM Micrographs of 9260 IBH 400 °C for 240 and 900 s (a) pearlitic region 
with RA and bainitic regions for the 240 s hold time, (b)pearlitic, bainitic and 
RA regions for 900 s hold time, (c) high carbon bainitic region for 900 s hold 
time, (d) low carbon bainitic and RA regions for 900 s hold time. Etched with 2 
pct Nital.................................................................................................................... 113 
Figure B.4 FESEM Micrographs of Abrasive at 400 °C (a,b) Bainitic regions observed in 
240 s hold time, (c-f) carbides observed in 900 s holding condition. Etched with 
2 vol pct Nital. ......................................................................................................... 114 
Figure B.5 FESEM Micrographs of Armor at 400 °C for 30 s, (a) non-etched triple point 
region, (b-f) heavily etched regions that may contain carbides or RA. Etched 
with 2 pct Nital. ....................................................................................................... 115 
Figure B.6 FESEM Micrographs of Armor IBH 400 °C for 240 and 900 s WQ (a) low 
carbon bainitic region with RA and carbides for the 240 s hold time, (b) high 
carbon bainitic with RA boundary regions and low carbon martensite regions 
with carbides for the 240 s hold time, (c,d) low carbon martensite region with 
RA and carbides for the 900 s hold time. Etched with 2 pct Nital. .......................... 116 
Figure B.7 FESEM Micrographs of carbides in the Abrasive grade with a quench 
temperature of 245 °C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, (e,f) 
900 s. Etched with 2 pct Nital. ................................................................................. 117 
  xiii 
Figure B.8 FESEM Micrographs of 9260 Q&P with a quench temperature of 190 °C and 
partitioning temperature of 400 °C for 30 s then WQ (a) area of interest in 
sample (b-d) high carbon martensite with RA along the boundary regions and 
low carbon martensite regions. Etched with 2 pct Nital. ......................................... 118 
Figure B.9 FESEM Micrographs of 9260 Q&P with a quench temperature of 190 °C and 
partitioning temperature of 400 °C for 240 and 900 s then WQ that show long 
RA regions along the boundary regions of low carbon martensite regions (a)for 
240 s Pt (b-d)  for 900 s Pt. Etched with 2 pct Nital. ............................................... 119 
Figure B.10 FESEM Micrographs of 9260 IBH at 400 °C for (a) 240 s labeled regions 
where BF is ferritic bainite, M is martensite, P is pearlite, and RA is retained 




  xiv 
 LIST OF TABLES 
Table 2.1 – Factors Influencing Abrasive Wear Behavior [4]. .......................................................... 3 
Table 2.2– Specifications of DSRW [8]. ........................................................................................... 7 
Table 2.3– Abrasion Averages adapted from Bond et al. [13]. ......................................................... 9 
Table 2.4 – Specifications for Modified Pin-on-Disk Test Method [15]. .......................................... 10 
Table 2.5 – Chemical Composition (wt pct) of Materials studied by Liu et al. [5]. .......................... 15 
Table 2.6 – Hardness and Scratch Hardness of the Steel Grades studied by Liu et al. [5]. ............... 15 
Table 2.7 – Volume Fractions of Martensite and Retained Austenite obtained by 
Perez et al. [21]. ....................................................................................................... 23 
Table 2.8 – Composition of Materials used in Literature [22-25, and 26]. ........................................ 23 
Table 2.9 – Heat treatment, Hardness, and RA Obtained in a D-2 tool steel [22]. ............................ 24 
Table 2.10 – Heat treatment, Hardness, and RA Obtained in a High-Cr Med-Mn Steel [24]. .......... 25 
Table 2.11 – Heat treatment, Hardness, and RA Obtained in a Mottled Cast Iron [25]. ................... 27 
Table 2.12 - Weight Loss of Mottled Cast Iron in mg [25]. .............................................................. 27 
Table 2.13 – Heat treatment, Hardness, and RA Obtained in a Martensitic Ductile Iron [26]. ......... 28 
Table 2.14 - Pin-on-disk Reciprocal of Weight Loss as a Function of RA in vol pct [26]. ............... 28 
Table 2.15- Impact-Abrasion Reciprocal of Weight Loss as a Function of RA in vol pct [26]. ....... 28 
Table 2.16 – Heat treatment, and vol pct RA Obtained in a High-Cr Low-Mn Steel [23]. ............... 30 
Table 2.17 - Impact-Abrasion Relative Weight Loss as a Function of RA [23]. ............................... 30 
Table 2.18 – RA, C Content and Rockwell Hardness as a Function of Q&P Parameters obtained 
from Gerdemann [28]. ............................................................................................. 33 
Table 3.1 – Chemical Composition of Investigated Materials in wt pct [28, 37-40, and 45]. ........... 35 
Table 3.2 – Calculated Transformation Temperatures (C) of Heat treated Materials [34]. ............. 36 
Table 3.3 – Heat Treating Parameters for the Abrasive, Armor and 9260 Steels. ............................. 37 
Table 3.4 – Abrasive Sand Sieve Study-AFS Number Results. ........................................................ 44 
Table 4.1 – XRD Results for Heat treated Samples. .......................................................................... 69 
Table 4.2 – DSRW NVL Results as a Function of Hardness pct RA, and Microstructure. ............... 72 
  xv 
Table 4.3 continued – DSRW NVL Results as a Function of Hardness pct RA, and 
Microstructure. ......................................................................................................... 73 
Table 4.4 – Properties of the Hadfield Steel. ..................................................................................... 82 
Table 4.5 – Hardness Results before and after DSRW for Austenitic Steels..................................... 83 
Table 4.6 – XRD Results for Heat treated Samples Before (RAi) and After (RAf) DSRW 
Testing. .................................................................................................................... 85 
Table 4.7 – Cryogenic Quench Study Results. .................................................................................. 86 
Table 4.8 – Select Conditions for SEM Investigation of DSRW Wear Tested Samples. .................. 87 
Table 4.9 – Select Conditions for Impeller Testing. .......................................................................... 91 
Table 4.10 – Selected Impeller Wear Tested Conditions for SEM Investigation. ............................. 93 
Table 4.11 – Select Conditions for Bond Testing. ............................................................................. 95 
Table 4.12 – Selected Bond Conditions for SEM Investigation. ....................................................... 97 
Table 4.13 – NVL Results for Wear Test Method Comparison. ....................................................... 100 
Table A.1 – Hardness Results for Steels. ........................................................................................... 109 
Table A.2 – Hardness Results before and after testing for DSRW Test Matrix. ............................... 110 
Table C.1 – Heat Treatment Identifiers. ............................................................................................ 121 
Table D.1 – Temperature Study Results. ........................................................................................... 122 
Table D.2 – DSRW Results. .............................................................................................................. 122 
Table E.1 – Impeller Results. ............................................................................................................. 129 
Table E.1 continued – Impeller Results. ............................................................................................ 130 
Table F.1 – Bond Results. .................................................................................................................. 131 
Table F.1 continued – Bond Results. ................................................................................................. 132 
 
  
  xvi 
 ACKNOWLEDGEMENTS 
It is my pleasure to first and foremost thank and acknowledge Jesus Christ, my Lord and Savior, 
for giving me the ability, the patience and the opportunity to write this thesis. 
The support of the Advanced Steel Processing and Products Research Center (ASPPRC), a 
National Science Foundation Industry and University Cooperative Research Center at the Colorado 
School of Mines (CSM), is gratefully acknowledged and greatly appreciated. 
I want to thank and acknowledge Professor Emmanuel De Moor, my advisor, for the countless 
hours of guidance, for seeming to always have time day or night for me regardless of his extraordinarily 
busy schedule, for being patient with me through the long hours, for his expertise and knowledge in the 
field of physical metallurgy, and for his full support throughout my project. He was an excellent advisor 
and his future advisees should consider themselves fortunate and blessed beyond words to have him as an 
advisor. 
I want to thank and acknowledge Professor Emeritus David K. Matlock for giving me the honor 
and privilege of serving on my thesis committee even after retiring from over 40 years at the Colorado 
School of Mines with many of those years acting as the Director of the ASPPRC. I also want to thank and 
acknowledge Professor John G. Speer, the current Director of the ASPPRC, for being on my committee, 
for taking the time to discuss my future career and for recommending me for graduate school in the 
ASPPRC. The advice, experience, expertise, insight, knowledge and support of this committee have been 
invaluable and again are acknowledged. 
I would like to thank and acknowledge my industrial sponsors. Dr. Matthew Kiser of Caterpillar, 
Inc. is thanked for providing valuable industrial insight into the project and participating in a round robin 
study. Brent Augustine, Eric Johnson, and Dr. Robert Gaster of John Deere & Company are thanked for 
providing material and excellent feedback throughout the project. Dr. Rick Bodnar and Keith Taylor of 
SSAB are thanked for providing material and support. I would like to acknowledge AK Steel, Nucor, and 
Gerdau for providing material. 
I would like to thank and acknowledge Professor Stephen Liu, Director of the Center for 
Welding, Joining and Coatings Research, and Professor Patrick Taylor, Director of the Kroll Institute for 
Extractive Metallurgy, for graciously allowing me to use their labs and equipment.  
I would like to thank and acknowledge Professor Chester J. Van Tyne, Professor Kip O. Findley, 
and Professor Steven W. Thompson for being the highest of caliber professors who taught many of my 
metallurgical classes that laid the intellectual foundation for this thesis. Professor Emeritus George Krauss 
is thanked for signing my copy of Steels; Processing, Structure, and Performance which is a tremendous 
contribution to steel research worldwide. 
  xvii 
Elaine Sutton is acknowledged and thanked for her outstanding service to the ASPPRC, who was 
always willing to drop whatever she was working on to help solve any problem.  
I would like to thank and acknowledge Lee Rothleutner for his assistance as the ASPPRC Student 
Representative and for always being willing to teach me a lesson in the lab. 
The assistance and support of the electron microscopy lab staff, Dr. John Chandler and Gary Zito 
are acknowledged for their training and maintenance of the electron microscopes. 
The senior design team, Nathan Currie, Chuck Hartwig, Taylor Jacobs, Tiffany Turner, and Reese 
Thompson are acknowledged and thanked for helping design and implement the impeller-tumbler 
impact-abrasion wear test. 
The assistance of Matthew Glazier, Taylor Jacobs, and Jonathon Watson is gratefully 
acknowledged for helping with hours of metallography and hardness data collection. 
Thank you to my fellow ASPPRC and CSM graduate students for their support and friendship. I 
would like to especially thank Saad Al-Motham, Garrett Angus, Tyson Brown, Zahra Ghanbari, Paul 
Gibbs, Joseph Grogan, Daniel Haughey, Matthew Hayne, Michael Horner, James Johnson, Patrick 
Kramer, Su Liu, Jake Nuechterlein, Venkkateesh Parthasarathi, Steven Tate, Larrin Thomas, and Kevin 
Wood. 
I would like to thank and acknowledge my family. My mother Neta Wolfram, my father Phillip 
Wolfram Sr., my brother Phillip Wolfram Jr., his wife Elizabeth Wolfram, my niece Elise Wolfram, my 
brother Albert Wolfram II, and my brother Edward Wolfram are thanked for their unwavering support 
and encouragement. I would also like to thank and acknowledge my Uncle David Larue for his help, 
guidance, and support throughout my time at CSM. 
Additionally, I would like to thank and acknowledge all by brothers and sisters in Christ who 
prayed, supported, and encouraged me through graduate school, especially Eric Dykstra, Jon and Jessie 
Davis, and Zach Tedford. 
.
  1 
 INTRODUCTION CHAPTER 1 :
1.1 PROBLEM STATEMENT AND INDUSTRIAL RELEVANCE 
The purpose of this project is to examine the microstructural dependence of wear resistance for 
various plate steels, with interests in exploring the influence of retained austenite (RA) and the 
transformation-induced plasticity (TRIP) effect. Materials resistant to abrasive wear are desirable in the 
industrial areas of agriculture, earth moving, excavation, mining, mineral processing, and transportation. 
These industries consume increasing amounts of abrasion resistant materials due to the severity of 
abrasive wear on their equipment and machinery. This wear occurs in many different environments with 
various abrasives dependent on the application. Abrasive wear contributes to 63 pct of the financial cost 
associated with wear to the industry [1]. The motivation for investigating the TRIP effect on abrasive 
wear is to determine if it would be beneficial from a wear resistance perspective to produce plate steels 
with increased amounts of retained austenite.  
1.2 PROJECT OBJECTIVES 
The following chapters survey the literature, describe an experimental procedure, report and 
discuss results, conclusions of results, and future work. The project has been designed to determine the 
effect of RA on abrasive wear resistance in conjunction with the research goals defined below. 
 Utilize the different heat treating methods including quench and partitioning and 
isothermal bainitic hold methods to obtain microstructures with similar hardness and 
different RA levels. 
 Perform wear tests using different wear methods that simulate different levels of stress. 
 Measure the levels of RA via XRD prior to and following DSRW wear testing. 
 Characterize the wear surface in regards to RA content and hardness. 
 Investigate materials with similar hardness and various levels of RA. 
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 LITERATURE REVIEW CHAPTER 2 :
2.1 INTRODUCTION 
This chapter presents a literature review of types of wear, wear testing methods such as dry sand 
rubber wheel (DSRW), pin-on-disk, impeller wear impact-abrasive, scratch, and field testing; abrasive 
wear mechanisms; microstructural effects on abrasive wear; the transformation-induced plasticity (TRIP) 
effect; influence of retained austenite (RA) on wear resistance; RA containing Quenched and 
Partitioned (Q&P) and bainitic steels; and austenitic Hadfield steels. 
2.2 TYPES OF WEAR 
Friction and wear are not intrinsic material properties but are characteristics of an engineering 
system with non-material specific parameters having a significant impact on the material performance. 
Friction is the resistance to motion and arises from interactions of solids at the real area of contact. 
Friction and wear are, respectively, serious causes of energy dissipation and material degradation. Wear is 
rarely catastrophic but it reduces operating efficiency. It may result in dimensional changes of 
components or surface damage causing secondary problems such as vibration or misalignment. The 
propagation of cracks formed at or near a stressed surface may lead to fracture of a component in extreme 
cases. Generation of wear debris may be more serious than the actual dimensional changes of 
components [2, 3]. 
Wear is a process in which material is removed from the surface of components, or by which 
these surfaces are seriously disturbed. Neale et al. [1] listed seven types of wear:  
 Abrasive wear from moving contact with hard granular materials,  
 Abrasive wear from hard particles trapped between moving surfaces,  
 Adhesive wear from the rubbing of relatively smooth surfaces,  
 Fretting from small oscillatory movements between relatively smooth surfaces,  
 Cavitation erosion from the collapse of low-pressure vapor bubbles,  
 Particle erosion from hard particles in a stream of fluid, and 
 The release of particles from a surface as a result of contact fatigue.  
Abrasive wear occurs on mechanical parts (e.g. on the blades and buckets of earth-moving 
machinery and on production plant installations handling abrasive materials, extrusion dies for bricks and 
tiles, and the rotors of powder mixers). Abrasive wear from moving contact with hard granular materials 
is the focus of this project. 
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2.3 ABRASIVE WEAR MECHANISMS 
Many individual factors influence abrasive wear as listed in Table 2.1. The influence of these 
factors can be explained by their effect on the mechanism by which material is removed. The simplest 
model of abrasive wear is one in which rigidly supported hard particles indent and are forced across the 
surface of the wear material. 
Table 2.1 – Factors Influencing Abrasive Wear Behavior [4]. 
Properties Factors 
Abrasive Properties 
Particle size, Particle shape, Hardness, Yield Strength, Fracture properties, 
Concentration 
Contact Conditions 
Force/Impact level, Velocity, Impact/Impingement angle, Sliding/Rolling, 
Temperature, Wet/Dry, pH 
Wear Material Properties 
Hardness, Yield Strength, Elastic modulus, Ductility, Toughness, Work-




 Depending on the properties of the abrasive and wear materials, one of several wear mechanisms 
may occur as shown in Figure 2.1 [5-7]: 
  
 Plowing occurs when material is displaced to the side, away from the wear particles, 
resulting in the formation of grooves that do not involve direct material removal. The 
displaced material forms ridges adjacent to grooves, which may be removed by 
subsequent passage of abrasive particles. 
 
 Cutting occurs when material is separated from the surface in the form of primary debris, 
or microchips, with little or no material displaced to the sides of the grooves. This 
mechanism closely resembles conventional machining.  
 
 Fragmentation occurs when material is separated from a surface by a cutting process and 
the indenting abrasive causes localized fracture of the wear material. These cracks then 
freely propagate locally around the wear groove, resulting in additional material removal 
by spalling [5, 6, and 20]. 
 
Liu et al. [5] illustrate the wear mechanism for a dry sand rubber wheel (DSRW) wear test. 
During DSRW wear testing, pressure is applied on sand particles by the load (130 N [5]) on a rubber 
wheel. Under this pressure, sand particles are partially imbedded in the rubber wheel, and partially 
penetrate into the metal surface, as illustrated in Figure 2.2. 
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             (a)                                                        (b)                                                         (c)                    
Figure 2.1 Microscopic mechanisms of material removal between abrasive particles and the surface 
of wear material: (a) microplowing, (b) microcutting, and (c) fragmentation [4, 6]. 
 
The depth of the penetration into the metal surface is dependent on the hardness of the metal. The 
penetration will be deeper in a soft material and shallower in a hard material. The rotating movement of 
the rubber wheel drives the sand particles to slide against the steel sample and create scratches on the 
metal surface. 
 
                                                   (a)                                                                  (b)        
Figure 2.2 Schematic of (a) sliding wear mechanism of hard materials, and (b) wear mechanism of 
soft materials when friction is exceeded by wear resistance [5]. 
 
The driving force (Fd) for the sand particle movement comes from the rubber wheel, which must 
be high enough to overcome the resistance from the metal to create grooves on the metal surfaces. The 
resistance of the metal (Fr) can be expressed by the equation: 
 Fr A c FN g (2.1) 
where A is the cross-section area of the material being moved during grooving and  c is the shear strength 
of the material. FN is the load applied on an abrasive particle and μg is the grooving term or coefficient of 







where R is the tip radius of the abrasive particle,   is the attacking angle of the particle tip, and Hdef is the 
material hardness after severe deformation, which is usually measured on debris generated from wear. In 
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this study, Liu considered that Hdef is close to the scratching hardness of the material expressed by the 
equation: 
 K ≈ Hdef/ c (2.3) 
It has been found that K could be considered constant depending on the available slip systems of 
the wearing material [2]. K is about 5 for cubic metals and may be greater than 5 for hexagonal 
metals [2]. 
Equation 2.2 implies that μg increases with the decrease of Hdef. Since FN is fixed for a test, the 
grooving resistance for materials with lower Hdef hardness is greater than that for materials with higher 
Hdef hardness. This is because of the deeper penetration of the abrasive on softer materials, thus, more 
material is being moved during grooving wear. If the driving force for abrasive particle movement is 
greater than the material grooving resistance, the abrasive particle will cut through the part surface. Since 
soft materials lead to deeper groove penetration, the movement of abrasive particles will cause more 
material to be moved by microcutting or microplowing on a softer material than on a harder material. This 
is the situation observed in most wear studies, especially for high-stress abrasion and gouging wear, 
where the driving force for abrasive particles is much larger than material grooving resistance. 
However, abrasive particle movement is limited during low-stress abrasion. The friction could be 
lower than the material grooving resistance. In this case, the abrasive particle can no longer create a 
continuous groove on the metal surface. Instead, the particle may partially penetrate the surface to a 
certain depth, but then tumble through the rubber/metal interface, leaving a series of dents or pits on the 
wear surface. This mechanism is illustrated in Figure 2.2. 
2.4 TYPES OF WEAR TESTING 
The National Physical Laboratory in the United Kingdom identified over 400 wear testing 
standards currently in use around the world [1]. A review by the American Society of Lubrication 
Engineers in 1973 identified 300 tests that were in use in various test laboratories. However, many of 
these tests exhibit only slight variations, and the true number of test types available is probably less than 
100 [1]. While it may be argued that, in some cases, more than one test method might be justified for a 
particular type of wear, it is unlikely that much more than ten wear test methods would be required to 
meet industrial needs for the seven types of wear [1]. There is a large amount of variation between the 
results of different wear tests, making it hard to compare the results from different methods. The DSRW 
abrasive test, pin-on-disk wear test, impeller-tumbler impact-abrasion test, Bond abrasion wear test, and 
scratch hardness test are commonly used to test abrasive wear. Field tests have also been done to study 
abrasive wear. These test methods will be discussed in more detail in Sections 2.4.1 through 2.4.6. 
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 DSRW ABRASIVE WEAR TEST 2.4.1
The standard test method for measuring abrasion using the dry sand rubber wheel apparatus is 
designated by the ASTM G 65-04 Procedure B [8]. This wear test produces low impact wear. The 
apparatus and abrasive sand are shown in Figure 2.3 and Figure 2.4 respectively. The test can vary the 
force applied on the sample, the speed of the rubber wheel, rate of test sand flow, and the test time. Wear 
is measured by volume loss of a single sample in cubic millimeters. The purpose of the test is to produce 
data that will reproducibly rank materials in their resistance to scratching abrasion under a specified set of 
conditions [8]. It is important that the parameters of the test are within the standard for valid wear testing 
with specifications shown in Table 2.2.  
 
 






Figure 2.3 Schematic Diagram of DSRW Test Apparatus using ASTM G 65-04 Procedure B [8]. 
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Table 2.2– Specifications of DSRW [8]. 
Parameters Specification 
Rubber Wheel Durometer A-60, revolves in same direction as sand, wheel thickness is 12.7 mm (0.5”). 
Test Sand AFS 50/70 test sand supplied by US Silica, moisture content shall not exceed 0.5 wt percent. 
Sand Flow Rate 300 to 400 g/min, sand flow rate established prior to testing. 
RPM of Wheel 200 10 rpm 
Test Run Time 10 minutes 
Force on Sample 30 lb. 
Samples 1” x 3” x ¼” with a surface finish of 16 Ra 
 
 
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST 2.4.2
The impeller-tumbler impact-abrasion wear test has been used to better simulate certain wear 
behaviors that occur in the field. There is no standard for this wear test which approximates medium 
impact mechanisms. The test apparatus consists of a rotating impeller in a drum along a vertical axis is 
shown in Figure 2.5. A rectangular test piece is fixed to a steel rod and submerged in abrasive. The 
tumbler is loaded with abrasive media with masses dependent on the size of the tumbler. After each test 
the abrasive media is replaced [9]. This method measures wear through volume loss of a single sample in 




Figure 2.5 Schematic of impeller-in-drum wear test apparatus rotating around the vertical axis [10]. 
 BOND ABRASION MACHINE 2.4.3
The test apparatus of the Bond Abrasion Machine is shown in Figure 2.6. The Bond abrasion 
wear tester approximates high impact mechanisms and is frequently used in the extractive metallurgy 
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industry to compare crushing behavior of ore grades. There is no ASTM standard for this wear tester. 
Static and dynamic views of the machine are shown in Figure 2.7 [11]. The test procedure usually 
consists of using 1.6 kg of abrasive over a test time of 3600 s. There are four sequences in the test: 400 g 
of abrasive is loaded into the drum and the machine is operated for 900 s, after which the cover is 
removed and the worn abrasive is removed from the drum. Three additional identical sequences complete 
the test for a total test time of 3600 s. Located in the center of the drum is a 11.43 cm (4.5 inch) diameter 
rotor which holds the sample (SAE 4325 Cr-Ni-Mo steel hardened to 500 Brinell). The drum is 
30.48 cm (12.0 inch) in diameter and 11.43 cm (4.5 inch) deep. The drum rotates at 70 rpm or 90% of 
critical speed, whereas the sample is rotated at 632 rpm. Both rotate clockwise. The wear surface is the 
25.4 x 58.7 mm (1.0 x 2.3 inch) section of the sample shown in Section 3.6.3 in Figure 3.14. The sample 
is weighed to four significant digits before and after the test. The abrasion index is determined by the 
weight loss of the sample and is measured with a resolution of 0.001 g as the difference in initial and final 
weight [12]. A volume loss can be calculated from the abrasion index. Table 2.3 summarizes abrasion 
index averages measured by Bond et al. [13]. Note that Wilson used a different drum velocity (45 rpm) 
and sample velocity (620 rpm) than used by Bond (70 and 632 rpm respectively). 
 
 
                                                   (a)                                                                                           (b) 
Figure 2.6 Schematic of Bond Abrasion Machine [11]. (a) View of Drum and (b) view of impeller shaft 
cross-section. 
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                                           (a)                                                                                  (b) 
Figure 2.7 Schematic of Bond Abrasion Machine (a) static and (b) dynamic view [9]. 
Table 2.3– Abrasion Averages adapted from Bond et al. [13]. 
Index Number Material Number of Tests Average Abrasion Index 
1 Dolomite 5 0.0160 
2 Shale 5 0.0209 
3 L.S. for Cement 14 0.0238 
4 Limestone 9 0.0320 
5 Cement Clinker 8 0.0713 
6 Magnesite 3 0.0783 
7 Heavy Sulfides 10 0.1284 
8 Copper Ore 24 0.1472 
9 Hematite 7 0.1647 
10 Magnetite 2 0.2217 
11 Gravel 4 0.2879 
12 Trap Rock 20 0.3640 
13 Granite 11 0.3880 
14 Taconite 7 0.6237 
15 Quartzite 3 0.7751 
16 Alumina 7 0.8911 
 
 
 PIN-ON-DISK ABRASIVE WEAR TEST 2.4.4
The standard test method for wear testing with a pin-on-disk apparatus was designated by 
ASTM G 99-04 [14]. The apparatus schematic is shown in Figure 2.8. For this method, two specimens are 
required. One specimen is machined to a pin with a radial tip and is positioned perpendicular to the other 
specimen, which has the form of a flat circular disk. A ball, rigidly held, can also be used as the first 
specimen. This method measures wear through the separate volume loss of the pin and disk in cubic 
millimeters. The pin volume loss is measured assuming no significant disk wear and then the disk volume 
loss is measured assuming no significant pin wear. This measurement determines wear volume loss for 
the test. 
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Figure 2.8 Schematic of pin-on-disk wear test system. F is the normal force on the pin, d is the pin 
or ball diameter, D is the disk diameter, R is the wear track radius, and w is the rotation 
velocity of the disk [14]. 
 
The test is often modified so that a new surface is contacted throughout the test by using a spiral 
wear path often by using silicon carbide grinding paper. Some typical parameters used in this type of wear 
testing are given in Table 2.4.  
Table 2.4 – Specifications for Modified Pin-on-Disk Test Method [15]. 
Variable Specification 
Disk Diameter 230 mm 
Rotation velocity 31 rpm 
Start radius 33 mm 
End radius 100 mm 
Test duration 120 seconds 
Sliding distance 20.8 m 
Normal Load 1230 g 
Abrasives SiC grinding paper, mesh 320, Hardness: 3000 HV 
 
 
 SCRATCH HARDNESS TEST 2.4.5
The standard test method for scratch hardness testing of materials using a diamond stylus is given 
by ASTM G 171-03 [14]. The test produces a scratch on the surface of a polished sample using a diamond 
stylus of a specified geometry. The intent is to measure the resistance of solid surfaces to permanent 
deformation under the action of a single point. The resistance of a material to abrasion by a single point 
may be affected by its sensitivity to the strain rate of the deformation process. Therefore the test is 
conducted under low stylus traversing speeds in the range of 0.2 to 0.5 mm s
-1
. The test measures the 
scratch hardness number which was calculated by dividing the applied normal force on the stylus by the 
projected area of scratching contact, assuming that the hemispherical-tipped stylus produces a groove 
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whose leading surface has a radius of curvature r, the tip radius of the stylus. The projected area of the 
contact surface is the semi-circle whose diameter is the final scratch width shown in Figure 2.9.  
 
Figure 2.9 The contact of the stylus is assumed to produce a semi-circular projected area when 
viewed from the top [14]. 
Equation 2.4 allows for the calculation of the scratch hardness number, HSp [14] given by 




where P is the normal force (N), and w is the scratch width (m). 
 FIELD WEAR TESTS 2.4.6
Field wear tests have been conducted by Liu et al. [5] to study abrasive wear resistance of three 
steels. Three different steel plates were tested by placing them on the bottom of an excavator bucket as 
shown in Figure 2.10. 
 
                                       (a)                                                                                  (b) 
Figure 2.10 Location of wear plates on an excavator bucket for field tests: (a) side-by-side on the 
bottom of the bucket, and (b) side-by-side as liner plates within the bucket [5]. 
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The samples were placed side-by side inside of the bucket as liner plates. The bucket was tested 
in sandy soil conditions, and therefore the test is expected to represent a similar wear mode to that of the 
DSRW test. Wear measurements were performed on bottom wear plates and liner plates after a prescribed 
number of hours of field service. Multiple volume loss measurements were taken at three different 
locations along the length of each plate. The amount of wear on the steel plates was evaluated by the 
change in thickness [5]. 
2.5 MICROSTRUCTURAL EFFECTS ON ABRASIVE WEAR 
This section will review the effects of hardness and microstructure, and the wear of steels 
containing retained austenite (RA). 
 EFFECTS OF HARDNESS AND MICROSTRUCTURE 2.5.1
Material properties affect wear resistance and the influences of microstructural effects on wear 
resistance are more significant in a system lacking lubrication [17]. In general it is assumed that materials 
with greater hardness, as also discussed in previous section, have greater wear resistance as shown in 
Figure 2.11 and increasing alloy content and cold work increase wear resistance [2]. Hardness and 
microstructural effects on abrasive wear depend on the overall magnitude or scale of the wear 
environment. For high-impact loads, large abrasive particle size, etc., the microstructural feature sizes are 
generally much smaller than that of the abrasive wear damage. In this case, the role of microstructure on 
wear resistance is limited to its effect on bulk mechanical properties. Abrasive wear rates, particularly for 
materials that exhibit homogeneous microstructures, may correlate with bulk hardness [4, 18].  
 
Figure 2.11 Effect of microstructure and hardness on the abrasion resistance of steels: high-stress 
abrasion, alumina abrasive. Adapted from Hawk [4]. 
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At low hardness the type of microstructure has a larger impact on wear resistance and different 
microstructures may exhibit different wear at similar hardness levels. For instance, pearlite will have the 
best wear resistance for materials with 40 HRC [7,19]. Since pearlite is composed of a soft phase (ferrite) 
and a hard phase (cementite), the rate at which the material wears away is determined by which phase is 
in contact with the wear surface [19]. Perez-Unzueta et al. [19] studied the relationship between 
microstructure and wear resistance of eutectoid pearlitic rail steel. The eutectoid steel was studied using a 
pure sliding wear tester [19] with two conditions, one with a maximum contact stress of p0=500 MPa, and 
the other with a maximum contact stress of p0=1300 MPa. The presence of cementite at the surface 
lowered the wear resistance. The distribution of carbides in steel is different in martensite, bainite and 
pearlite. Cementite lamellae lead to more effective wear resistance than spheroidized carbides in tempered 
martensite. The lamellar structure deforms as the surface is worn away. Figure 2.12 shows a group of 
SEM micrographs showing the near-surface cross-section of a tested pin-on-disk sample.  
 
Figure 2.12 Scanning electron micrograph of eutectoid steel after pure sliding at po=20 MPa in a 
pin-on-disk wear test, showing the plastic deformation of the pearlite microstructure [19]. 
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The pearlitic structure was reoriented due to the effect of interfacial shear such that lamellae are 
parallel to the surface. With lamellae reorientation, the interlamellar spacing decreases and the exposed 
area fraction of cementite increases, which increases the wear resistance [19]. Manganese sulfides cause 
the wear surface to crack easier due to the reduction in toughness. These surface cracks cause the surface 
to flake thereby decreasing the wear resistance. Figure 2.13 shows two light optical micrographs of the 
sample surface of the eutectoid steel. The micrographs show manganese sulfide (MnS) inclusions (dark 
regions in Figure 2.13) associated with surface cracks in samples which exhibited decreased wear 
resistance.  
The ability of a pearlitic microstructure to align parallel to the wear surface and to form a mosaic 
of cementite flakes shown in Figure 2.14, which increases the exposed carbide (Fe3C) area fraction, can 
explain the superior wear resistance when compared to bainitic or martensitic microstructures at similar 
hardness as these steels cannot adapt their microstructures in this way in pure sliding. Fine pearlite with 
thinner cementite lamellae can endure higher plastic deformation before fracture. Finer pearlitic 




                                (a)                                                                                          (b) 
Figure 2.13 Light optical micrographs of eutectoid steel in a pure sliding test at po= 20 MPa and 0.1 m 
s
-1
 speed: (a) before etching; (b) after etching. MnS were deformed in the direction of 
strain. The microstructure was severely deformed near the surface. Some flakes have been 
removed from the surface [19]. The etchant was not described. 
 
Kalousek et al. [7] investigated the wear resistance of hypoeutectoid steel with different 
microstructures with a hardness of nearly 40 HRC in dry sliding. In unlubricated tests on structures of 
equal hardness, the wear resistance was greatest for pearlitic, followed by bainitic, and tempered 
martensitic structures. Kalousek et al. [7] demonstrated that the wear resistance of lamellar pearlite, for 
both steels, is always greater than that of the spheroidized structure in dry sliding, even when the hardness 
of the former is lower than that of the latter. This was believed related to the different types and 
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distributions of carbides in the microstructure [17]. DSRW tests were conducted by Liu et al. [5] on five 
different steel microstructures with chemical compositions given in Table 2.5. 
 
 
                                 (a)                                                                                           (b) 
Figure 2.14 (a) Light optical and (b) scanning electron micrographs of a eutectoid steel, in a rolling-
sliding test at po= 1300 MPa, at 10 micron depth parallel to the worn surface. A 
considerably larger number of cementite lamellae appear parallel to the contact surface 
increasing the area fraction of Fe3C [19]. 
 
Table 2.5 – Chemical Composition (wt pct) of Materials studied by Liu et al. [5]. 
wt 
pct 
C Mn Si Ni Cr Mo Ti Nb V Al S P Cu B 
A 0.092 1.224 0.11 0.13 0.04 0.01 0.013 - 0.06 0.024 0.007 0.016 0.32 0.0002 
B 0.139 1.157 0.05 0.16 0.12 0.05 0.014 - 0.01 0.030 0.001 0.012 0.28 0.0001 
C 0.123 1.209 0.39 0.02 0.27 0.01 0.024 0.01 0.01 0.040 - 0.020 0.01 0.0011 
D 0.428 0.811 0.61 0.09 0.11 0.34 0.053 - 0.10 0.016 0.015 0.012 0.22 0.0028 
E 0.754 1.017 0.32 0.07 0.20 0.02 0.005 - 0.01 0.004 0.004 0.008 0.21 0.0002 
 
 
 Steel A is a thermomechanically rolled low-carbon microalloyed steel, Steel B is a hot-rolled 
low-carbon steel, Steel C is a hardened low-carbon steel, Steel D is a hardened medium-carbon alloy 
steel, and Steel E is a hot-rolled high-carbon steel. The microstructures are shown in the light optical 
micrographs given in Figure 2.15. Steel A and Steel B have ferrite/pearlite microstructures. The pearlite 
content in Steel A is less than for Steel B due to its lower carbon content, and it has a finer ferrite grain 
size due to thermomechanical processing. The microstructure of Steel C is martensitic/bainitic, although 
the amount of bainite is hard to determine from the light optical micrographs. Steel D has a fully 
martensitic microstructure. The microstructure of Steel E is essentially 100% pearlite. Hardness testing 
was conducted using Vickers and scratch hardness testing and the results are shown in Table 2.6 [5]. 
Table 2.6 – Hardness and Scratch Hardness of the Steel Grades studied by Liu et al. [5]. 
 
Steel A B C D E 
Hardness (HV) 137 148 306 657 243 
Scratch Hardness (kg/mm
2
) 153 184 353 719 329 
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The abrasion resistance of the steel grades was evaluated using a DSRW test. The wear loss of 
Steel C was used as the baseline. The data from other steels were normalized to the average volume loss 
of Steel C for comparison and the results are shown in Figure 2.16. The as rolled Steel A and Steel B 
show the greatest wear loss. The wear loss from Steel C is only slightly less than Steels A and B, despite 
its greater hardness. The wear loss of Steel D is about 50% less than that of Steel C. For Steel E the wear 
loss is about 25% less than Steel C, despite its lower hardness [5]. 
Field wear tests as described in Section 2.4.6 were also conducted by Liu et al. [5] to study 
abrasive wear resistance of three steels and results were compared to the DSRW tests. Three different 
steel plates were tested. Two of these plates were of the same grade as Steel A and Steel C but from 
different heat lots, and are designated as Steel AA and Steel CC. The third plate evaluated was a 
martensitic steel, heat treated plate having a hardness of 265 HV, which will be designated Steel F. Wear 
measurements were performed on bottom wear plates and liner plates after a prescribed number of hours 
of field service (not published). Multiple thickness measurements were taken at three different locations 
along the length of each plate. The wear loss data (in mm) from field testing are given in Figure 2.17 [5]. 
For the bottom wear plates, the hardened Steel CC and non-hardened Steel AA have comparable wear 
loss at the bottom of the bucket (Section 2.4.6, Figure 2.10). For the liner plates, the as-rolled Steel AA 
showed significantly less wear loss than the hardened Steel F (Section 2.4.6, Figure 2.10). The field test 
results further confirm the laboratory testing observations that as-rolled plate steels can provide 
comparable wear performance to significantly harder heat treated plates under certain wear 
environments [5]. 
The wear surfaces of the DSRW tests were investigated using Scanning Electron Microscopy 
(SEM), and are shown in Figure 2.18. The images were taken under both secondary electron image (SE) 
mode (on the left) and backscattered electron image (BSE) mode (on the right). For the two hardened 
steels (Steel C and D) and the hot-rolled high-carbon steel (Steel E), the plowing wear pattern can be 
clearly observed in both SE and BSE images. For Steel A and B, however, the wear pattern is quite 
different. Instead of plowing wear, the wear surfaces of these two steels are composed of pits and very 
fine scratches characteristic of the cutting wear mechanism. The wear pattern resembles more closely 
“indentation” rather than “plowing”. This observation is surprising, since plowing wear, whether the 
scratches were created by microcutting or microplowing mechanisms, has been well recognized as the 
dominant wear mechanism for DSRW wear tests according to literature and previous studies [2, 5, 6]. 
This result indicates that a different wear mechanism was involved for the two low-hardness steels during 
DSRW wear testing as discussed previously in Section 2.3 [5]. 
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Figure 2.15 Light optical micrographs showing the microstructure of samples tested by Liu et al. [5]. 
The upper edges are the cross-sections of wearing surfaces. 
Wear Surface 
  18 
     
                                          (a)                                                                             (b)                
Figure 2.16 DSRW wear test data for (a) the five tested steels summarized in Table 2.5 normalized to 
wear data of Steel C, and (b) the normalized DSRW wear test data (showing individual test 
data points) plotted as a function of Vickers hardness [5]. 
 
     
                                          (a)                                                                              (b)                
Figure 2.17 Field wear measurements on (a) bottom wear plates and (b) liner plates, showing the 
as-rolled Steel AA, had similar or better wear performance than the heat treated, 
martensitic plates, Steel CC and Steel F with hardness around 265 HV especially as 
bottom plate [5]. 
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                                                  SE                                                                             BSE           
 
Figure 2.18 Secondary Imaging (left) and Backscatter Imaging (right) images of DSRW wear 
surfaces from the five experimental steels [5]. 
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 WEAR OF STEELS CONTAINING RETAINED AUSTENITE 2.5.2
One of the goals of this project is to determine if retained austenite (RA) and the transformation 
induced plasticity (TRIP) effect has a significant impact on wear. Bouchaud et al. [10] reported that the 
Creusabro® Dual (Creusabro) steel with 0.40 wt pct C, 1.3 wt pct Mn, 0.8 wt pct Si, 0.45 wt pct Ni, 
0.7 wt pct Cr and 0.6 wt pct Ti, undergoes the TRIP effect during abrasive wear. Light optical 
micrographs of typical microstructures for oil quenched Creusabro mainly composed of martensite with 
primary titanium carbonitrides and 6 pct austenite are shown in Figure 2.19. Measurement of retained 
austenite by X-ray diffraction gave 6 percent in volume. Titanium caronitrides (Ti(C,N)) are gray while 
the matrix is white, these primary Ti(C,N) are evenly distributed through the thickness as shown in 




Figure 2.19 LOM images of Creusabro Dual (a) as-polished with 1 micron diamond and (b) Nital 3 pct 
etched [10]. 
 
Figure 2.20 shows wear criterion results as a function of surface Vickers hardness (weight loss 
after 5 hours in an impeller-impact wear test) [10]. Classical water-quenched martensitic products with a 
hardnesses of 400HB, 450HB, 500HB and 600HB were tested along with Creusabro. The traditional 
products follow a curve illustrated by a dotted line whereas the Creusabro steel exhibits an improved wear 
criterion by 10 pct. Bouchaud attributes this increase in wear resistance to the TRIP effect where the 
carbon enriched retained austenite transforms into ultra-hard martensite islands, as quantified by 
measuring the Vickers hardness at the midline along a diagonal cross section of the sample. A significant 
hardening of the material of about 70 HV is measured under the wear surface as shown in Figure 2.21. 
The depth of this work hardening effect is about 0.5 mm [10]. 
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Figure 2.20 Wear test results for different wear-resistant steels using the impeller-tumbler impact 
abrasive wear test shown in Figure 2.5 [10]. 
 
 
Figure 2.21 Vickers hardness profile of Creusabro Dual sample after wear test [10]. 
 
Leiro et al. [20] also studied a steel (60SiCr7) with 0.61 wt pct C, 1.72 wt pct Si, 0.75 wt pct Mn, 
0.35 wt pct Cr, 0.12 wt pct Ni, and 0.04 wt pct Mo. The 60SiCr7 was first austenitized to 820 ºC for 
30 min and then quenched in a salt bath maintained at constant temperature for 250, 300, or 350 ºC for 
1 hour. The microstructure of a sample held at 250 ºC for 1 hour is shown in Figure 2.22. The Ac3, Bs and 
Ms were calculated to be 828, 566, and 252 ºC respectively. 
 
  22 
 
Figure 2.22 Secondary Imaging of the microstructure of 60SiCr7 reheated at 820 °C and isothermally 
held at 250 ºC [20]. 
 
Disks of 60SiCr7 were tested using a rolling/sliding UTM 2000 twin-disk machine. The discs 
were tested at three different test cycles, 6000, 18,000 and 30,000 respectively [20]. X-ray diffraction 
analysis (XRD) was done on the samples before and after testing and the results are given in 
Figure 2.23 [20]. No retained austenite was present after the wear tests suggesting that the TRIP effect 
had occurred. 
 
Figure 2.23 XRD patterns before and after 6000 cycles of testing for the sample austempered at 
250 ºC [20]. 
 
Perez et al. [21] studied a series of ductile iron samples alloyed with 3.66 wt pct C, 0.66 wt pct 
Cu, 1.02 wt pct Ni, and 0.26 wt pct Mo austempered at 315 and 370 ºC for 5–240 min. A block-on-ring 
wear testing machine was used for this purpose. The wear samples were tested under a load of 45 N and a 
displacement speed of 2.40 m/s. The experimental outcome indicates that the wear properties of the 
austempered ductile iron are strongly influenced by its microstructure namely, optimal wear properties 
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were found in samples austempered at 370 and 315 ºC for 90 and 120 min, respectively. These heat 
treatment times are long enough to promote the development of a relatively high volume fraction of high 
carbon retained austenite concomitant with ferrite and a fine dispersion of carbides. The volume fractions 
of martensite and retained austenite under different austempering conditions are shown in Table 2.7 [21]. 
Reported material compositions for five steels reviewed below are summarized in Table 2.8. 






   315 ºC                    370 ºC 
Retained Austenite 
pct 
315 ºC                     370 ºC 
5 55 64   6   9 
15 16 15 11 26 
30   7   6 17 36 
60   3 not detected 27 46 
90 not detected not detected 22 44 
120 not detected not detected 17 43 
240 not detected not detected 15 31 
 
 
Table 2.8 – Composition of Materials used in Literature [22-25, and 26]. 
 
wt pct C Mn Si Cr Mo Nb V S P Cu Ref. 
D-2 Tool Steel 1.42  -  0.30 12.0 0.83  -  0.24 0.004 0.020  -   Cheng 
High-Cr Med-Mn 2.24 2.73 1.43 13.8 0.80  -  0.43 0.019 0.044 0.34 Xi 
Mottled Cast Iron 3.50 0.45 0.50   1.8 0.25 0.3  -   -   -   -  Tong 
Martensitic Ductile Iron 3.65 0.96 2.48  -   -   -   -  0.030 0.040  -  Coronado 
High-Cr Low-Mn 3.04 1.42 0.90 15.6  -   -   -   -   -   -  Li 
 
The composition of the martensitic ductile iron in wt pct also includes 0.05 Mn, and 0.05 rare 
earth elements which are not reported in Table 2.8. Cheng et al. [22] demonstrated that RA increased 
wear resistance in a D-2 tool steel with composition given in Table 2.8. Four specimens of D-2 were heat 
treated. The heat treatment, Rockwell hardness, vol pct of RA determined by X-ray diffraction and wear 
ratios are given in Table 2.9. Abrasive wear tests were performed using a pin-on-disk abrasion tester 
which simultaneously tests a heat treated specimen and a reference specimen on a 180 grit Silicon 
Carbide abrasive paper. This abrasive paper adheres to a disk rotating at 60 rpm. Sample weights were 
recorded every 30 revolutions, 15 times in total. The abrasive paper was replaced after each weight 
measurement. A constant load of either 0.5 or 1.0 kg was applied to both specimens. 
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1000 10 258 60 58.8   7.7 1.17 1.11 
1000 20 258 60 59.4   9.6 1.15 1.10 
1050 10 258 60 59.1 18.2 1.02 1.00 
1050 20 258 60 59.4 21.6 1.00 0.98 
 
 
Relative wear ratios were defined as: 
 
 wear         
Average weight loss of           ed specimen
Average weight loss of reference specimen
 (2.5) 
 
and the obtained results are shown in Figure 2.24. A value less than 1 indicates a wear resistance greater 
than the reference. Increased wear resistance is obtained with increased austenite fractions at equivalent 
hardness (59.1 ± 0.3 HRC).  
Tong et al. [24] studied the influence of RA in a High-Cr Med-Mn steel with composition given 
in Table 2.8 on impact-abrasive wear resistance. Heat treatment, hardness, RA fractions determined by 
X-ray diffraction, and wear resistance are shown in Table 2.10. Some specimens were cryogenically 
treated in order to decrease the levels of RA by martensite transformation below room temperature. 
Impact-abrasive wear tests were performed using a wear test machine of type MLD-10. A sketch of this 
wear test set-up is given in Figure 2.25. The apparatus is designed to drop an upper rod specimen onto a 
lower rotating wheel while abrasive is flowing through the contact surface. This generates wear in the 
upper and lower specimens. The size of the upper specimen made from the test material is 10 mm x 
10 mm x 30 mm and the impact energy was 5 J. The lower consumable wheel was machined from 
normalized 4140 with Vickers microhardness of 232-237 HV. Crushed quartz sand of 4-7 mesh at a flow 
rate of 30 kg h
-1
 was used as abrasive in the test. 
The weight loss of the upper specimen during half an hour (  w) was determined and converted 
to wear resistance in units of reciprocal of weight loss in one hour (hrg
-1
) as described using: 
 wear resistance   
1
(2 w)
 (h g 1) (2.6) 
and the results shown in Figure 2.26 indicate that the material wear resistance increases with 
increasing pct RA, even as hardness decreases. This is counter-intuitive as wear resistance typically 
increases with increased material hardness. 
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  950 Not refrigerated 450 90 62.5 17.7 9.43 
1000 Not refrigerated 450 90 62.1 32.6 8.96 
1050 Not refrigerated 450 90 55.9 52.3 9.73 
1100 Refrigerated 450 90 47.3 69.0 22.37 
1000 Refrigerated 450 90 65.0 9.0 8.82 
1050 Refrigerated 450 90 64.7 13.6 8.29 
1100 Refrigerated 450 90 54.5 55.0 11.23 
 
 
Coronado et al. [25] studied the effects of particle abrasive size on wear resistance of mottled cast 
iron with different RA levels. The composition of the mottled cast iron is given in Table 2.8. Specimens 
were heat treated, hardness tested, and vol pct of RA was determined by X-ray diffraction and results are 
shown in Table 2.11. The weight loss as a function of abrasive size is shown in Table 2.12. Abrasive wear 
tests were carried out using a pin-on-disk with varying alumina abrasive paper. The parameters used 
were: fixed rotational speed of 66 rpm and load of 4.6 N. For each condition at least four repetitions were 
performed using Al abrasive with 600 grit (16 µm), 400 grit (23.6 µm), 320 grit (36 µm), 
220 grit (66 µm), 100 grit (141 µm) and 80 grit (192 µm). The wear track was spiral with an initial radius 
equal to 40 mm and a final radius equal to 5 mm, resulting in a total distance travelled of 33.89 m. 
 
Figure 2.24 Wear ratio as a function of RA fractions for specimens tested at 0.5 and 1.0 kg loads 
using a pin-on-disk wear tester with 180 grit SiC paper. Adapted from Cheng et al. [22]. 
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Preliminary tests showed that after 720 s the mass loss reached steady state. The mass of the pin was 
measured to determine the mass loss (mg). The effect of RA and abrasive size on the weight loss with 
microhardness are shown in Figure 2.27. The weight loss decreased with increased RA fraction and 
increased hardness. 
 
Figure 2.25 Schematic diagram of impact wear tester MLD-10. Adapted from Tong et al. [24]. 
 
 
Figure 2.26 Wear resistance versus RA fraction for heat treated high chromium cast iron using an 
impact wear tester under an impact energy of 5J, using crushed quartz sand of 4-7 mesh 
at a flow rate of 30 kg h
-1
. Adapted from Tong et al. [24]. 
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930 AC  -  660.6±9.9 27.5±2.9 
930 430, AC 1800 626.4±8.9   6.8±1.0 
930 600, AC 1800 522.8±8.6   3.4±1.3 
 
 
Table 2.12 - Weight Loss of Mottled Cast Iron in mg [25]. 
RA 
pct 
80 Grit 100 Grit 220 Grit 320 Grit 400 Grit 600 Grit 
27.5 1.86 3.05 4.00 6.48 8.05 9.20 
6.8 2.72 3.95 5.19 8.19 10.96 12.20 




Figure 2.27 Weight loss as a function of percent RA, Vickers microhardness (right axis), and abrasive 
size using a pin-on-disk with a fixed rotational speed of 66 rpm, 4.6 N load, for varying 
abrasive alumina papers (from 600 to 80) grit and a spiral wear track. Adapted from 
Coronado et al. [25]. 
 
Li et al. [26] studied the influence of RA on wear resistance of martensitic ductile iron with 
composition given in Table 2.8. Heat treatment, hardness, and RA fractions determined by both magnetic 
saturation and X-ray diffraction are given in Table 2.13, the pin-on-disk reciprocal of weight loss as a 
function of abrasive size is shown in Table 2.14, and the impact-abrasion reciprocal of weight loss as a 
function of abrasive size is given in Table 2.15. 
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900 50 20 240 120, AC 54.9 19 
900 50 -30 240 120, AC 54.2 14 
900 50 -50 240 120, AC 53.7 10 
900 50 -70 240 120, AC 51.8   5 
900 50 -196 240 120, AC  -    4 
 
 
Table 2.14 - Pin-on-disk Reciprocal of Weight Loss as a Function of RA in vol pct [26]. 
Load (N) 3.55 5.47 9.81 14.09 19.15 
14.2 0.04027 0.04016 0.04060 0.04060 0.04076 
28.9 0.03391 0.03375 0.03375 0.03375 0.03369 
48.0 6.18700  -  3.75046 5.39117 9.82036 
 
 
Table 2.15- Impact-Abrasion Reciprocal of Weight Loss as a Function of RA in vol pct [26]. 
Abrasive 3.55 5.47 9.81 14.09 19.15 
60 mesh glass sand 4.99  -  5.32 6.65 7.91 
30-70 mesh silica sand 100  -  106 114 128 
 
 
Abrasive wear tests were carried out using a pin-on-disk tester ML-10. The parameters used 
were: vertical load of 40 N, 60 rpm, pin diameter of 4 mm with a total wear track distance of 11.22 m on a 
fresh abrasive sheet. The abrasives were silica sand as the soft abrasive and brown alumina sand as the 
hard abrasive and the wear results are shown in Figure 2.28. For the hard abrasive tests, the RA had no 
apparent effect on wear resistance for the indicated applied load. Wear resistance of the specimen 
containing 5.47 RA for 48.0 N load in Figure 2.28 and the data corresponding to 5.47 RA fraction in 
Figure 2.29 were not reported in the literature. 
Impact-abrasion wear tests were carried out using an MLD-10 tester shown in Figure 2.25. The 
upper specimen (10 mm x 10 mm x 30 mm) made from the test materials was freely and repeatedly 
dropped on a lower disk which was quenched and tempered 0.45 wt pct C steel with a hardness of 
34 HRC. The lower ring had a diameter of 80 mm. The upper specimen holder provided an impact energy 
of 5 J to the test interface with an impact frequency of 200 min
-1
. The total number of impacts for each 
test was 9000. The abrasives used were 30-70 mesh silica sand as the hard abrasive and 60 mesh glass 
sand as the soft abrasive. The weight loss of the upper specimen was determined on a balance with a 
sensitivity of 0.1 mg. The effect of the amount of RA on impact wear weight loss is shown in 
Figure 2.28 [26]. The weight loss increases with increasing amounts of RA for both the soft and hard 
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abrasives. At the lower loads, 14.2 and 28.9 N, the weight loss remained constant as the hardness 
increased and the RA increased. The higher load, 48.0 N, had a decrease in weight loss than had an 
increase in weight loss with increasing hardness and RA. 
 
Figure 2.28 Abrasive resistance of samples with varying levels of RA tested with soft silica () and 
hard alumina abrasive (,). Adapted from Li et al. [26]. 
 
 
Figure 2.29 Impact wear test results of specimens heat treated using parameters shown in Table 2.13 
with soft () and hard () abrasives as a function of RA. Adapted from Li et al. [26]. 
 
Xi et al. [23] studied the influence of RA on the wear resistance of a High-Cr Low-Mn steel with 
composition given in Table 2.8. Heat treating parameters with resulting RA fractions determined by X-ray 
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diffraction are given in Table 2.16 and the impact-abrasion relative weight loss data as a function of RA 
are shown in Table 2.17. Material hardness was not reported. Some specimens were cryogenically treated 
in order to decrease the levels of RA. Impact-abrasion wear tests were carried out using a MLD-10 tester 
shown in Figure 2.25. The upper specimen was dropped repeatedly onto a rotating lower specimen. Silica 
sand 30-70 mesh flowed between the two specimens, forming a three-body abrasion wear system. The 
flow rate of sand was 45 kg h
-1
. It is noted that at the instant of contact of the upper and lower specimens 
there is relative displacement between them. 




















980 150, AC 200 120 - - 34 
980 150, AC -5 60 200 120, AC 23 
980 150, AC -30 60 200 120, AC 15 
980 150, AC -70 60 200 120, AC 9 
980 150, AC -196 60 200 120, AC 2 
 
 
Table 2.17 - Impact-Abrasion Relative Weight Loss as a Function of RA [23]. 
S specimen 2 9 15 23 34 
1 J 1.0091 1.0213 1.0067 1.0238 1.0358 
3 J 0.9972 0.9959 0.9846 0.9592 0.9691 
5 J 0.9985 1.0222 1.0522 1.1295 1.1942 
 
H specimen 2 9 15 23 34 
1.24 J 1.0043 0.9955 0.9804 0.9739 0.9782 
4.7 J 0.9814 0.9954 1.0604 1.1606 1.2629 
6.2 J 0.9954 1.0221 1.0577 1.1046 1.1556 
  
 
The upper specimen was a test specimen made of high chromium cast iron containing various 
amounts of austenite. Normalized 0.45 wt pct C steel (HRC 20, designated as S) and quenched and 
tempered 0.45 wt pct C steel (HRC 55, designated as H) were used as the lower specimens. The dropping 
frequency of the upper specimen was 150 min
-1
 and the rotating speed of the lower specimen was 
200 rpm. Two lower specimens were used corresponding to the following conditions as reference. The 
size of the upper specimen was 10mm x 10mm x 30 mm using the lower “S” reference specimen, 
corresponding to impact energies of 1, 3 and 5 J cm
-2
. The size of the upper specimen was 
9mm x 9mm x 30 mm using the lower “H” reference specimen, corresponding to increased impact 
energies of 1.24, 4.7 and 6.2 J cm
-2
. Each test lasted 40 min corresponding to 6000 impacts and the 
standard deviation was found to be 4.5 pct. The weight loss was determined on a balance with a 
sensitivity of 0.1 mg. The specimen with 2 vol pct RA was used as the reference specimen and the 
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relative weight loss was obtained by dividing the weight loss of the test specimen by the weight loss of 
the reference specimen defined in Equation 2.5. 
The results are shown in Figure 2.30 and the results show that the presence of RA can either be 
beneficial or detrimental to the impact abrasive wear resistance of white cast irons, depending on impact 
energy. At low impact energy (1 and 3 J cm
-2
 for specimen S; 1.24 J cm
-2
 for specimen H) RA does not 
affect wear resistance. However, at high impact energy (5 J cm
-2
 for specimen S; 3.7 J cm
-2
 and 6.2 J cm
-2
 
for specimen H), increased relative weight loss is observed with RA.  
 
Figure 2.30 Relative weight loss versus vol pct RA where the “S” reference specimen corresponds to 
impact energies of 1(), 3(∆) and 5(◇) J cm-2 and the “H” reference specimen was used 
corresponding to increased impact energies of 1.24(□), 3.7(△) and 6.2(◇) J cm-2 
respectively. Adapted from Xi et al. [23]. 
 
2.6 QUENCH AND PARTITIONING PROCESS 
In present work, the quench and partitioning (Q&P) process is employed to stabilize austenite in a 
martensite matrix and the heat treating process is reviewed here [27]. The process has been developed for 
the production of austenite-containing martensitic steels, based on a carbon partitioning mechanism 
between martensite and RA [28-32]. Carbon partitioning between martensite and RA is usually ignored in 
quenched steels, because the quenching temperature is normally too low for substantial amounts of 
carbon diffusion to occur, and because carbon supersaturation in martensite is ordinarily alleviated by a 
different mechanism, namely carbide precipitation during tempering [33]. The process assumes that 
martensite carbon supersaturation is relieved by carbon diffusion into RA.  
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Equations 2.7-2.10 were used to model the vol pct RA stabilized by Q&P curves as a function of 
quenching temperature shown in Figure 2.31 assuming full carbon partitioning. The first step to 
generating Figure 2.31 is to calculate the martensitic start temperature, Ms, using Equation 2.7. 
 Ms (  )  
 
 
  ( 30   540     0Mn   40 r   30Ni   20Si   20Mo)   32   (2.7) 
where  , Ni, Si, V, Mo, W, Mn, and  r are the alloying element’s weight percent respectively. 
Using this Ms temperature, the initial formation of martensite can be calculated at a given quench 
temperature, by using the Koistinen-Marburger relationship [34] as a function of the temperature 
difference between the martensitic start temperature and the quench temperature using Equation 2.8.  
 fmartensite 1   e
 1.1x10
 2
( T) (2.8) 
where fmartensite is the volume fraction of martensite, and    the temperature difference between the 
martensitic start temperature and the quench temperature. 
The second step is to calculate the volume fraction of austenite present at the initial quench 
temperature using Equation 2.9.  
 f carbon
austenite f carbon
martensite 1 (2.9) 
where f carbon
austenite represents the volume fraction of austenite, and f carbon
martensite represents the volume 
fraction of martensite. This is accomplished by using the calculated fmartensite as a function of incremental 
temperature differences between the martensitic start and the quench temperature. 
The third step is to calculate the percent of carbon in the austenite using Equation 2.10, assuming 







austenite represents the volume fraction of austenite, X carbon
austenite represents the austenite carbon 
concentration after complete carbon partitioning from ferrite to the austenite assuming essentially no 
carbon in martensite, and X carbon
alloy
 represents the overall carbon content of the alloy. It should be noted that 
complete carbon partitioning is assumed in this equation. 
The fourth step is to calculate the final volume fraction of martensite that is formed upon final 
water quenching to 20 °C. First the martensitic start temperature needs to be calculated to account for the 
assumption that all the carbon partitioned to the austenite using Equation 2.7. Using these new martensitic 
start temperatures in Equation 2.8 yields the volume fraction of martensite that forms on the final quench.  
The final step is to calculate the predicted amount of retained austenite by subtracting the fraction 
of martensite that forms on the final quench from the fraction of austenite that is retained from the initial 
quench. The phase fractions of retained austenite at different quench temperatures are shown for an 
Society of Automotive Engineering 9260 (SAE 9260) steel, where 9260 is their designation, in 
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Figure 2.31. Experimental Q&P data for RA levels in 9260 are presented in Table 2.18. These results will 
be discussed in Section 4.3. 
 
Figure 2.31 Calculated microstructural fractions for grade 9260 plotted as a function of the quench 
temperature assuming full partitioning prior to final quenching to room temperature. The 
Ms formula for the calculations is Equation 2.8. The dashed line represents the carbon 
content of the initial austenite () at quench temperature. The final austenite fraction at 
room temperature is labeled as final. Mfinal quench represents the martensite fraction after the 
final quench. Minitial quench and initial quench are the austenite and martensite fraction at the 
quench temperature prior to the final quench. Adapted from Gerdemann et al. [28]. 




















210 400 10 26.7 1.00 54 
  120 19.0 1.68 47 
  900 17.0 1.73 47 
190 400 10 25.5 1.38 51 
  120 16.3 1.38 48 
  900 13.4 1.50 47 
150 400 10 18.0 1.10 53 
  120 14.4 1.43 52 
  900 9.6 1.50 54 
 
 
  34 
2.7 HADFIELD STEELS 
Fully austenitic steels were investigated to understand the effect of austenite on wear resistance in 
single-phase austenitic steels. Hadfield steels are austenitic High-Mn steels with typical compositions of 
10-14 wt pct Manganese and 1-1.4 wt pct Carbon [35, 36]. Most Hadfield Steels also contain 1 wt 
pct Silicon along with the possibility of 2 wt pct Chromium, 3 wt pct Nickel, or 1 wt pct Molybdenum. 
Hadfield steels are characterized by an exceptional toughness and abrasion resistance [35]. Mainly used in 
the earthmoving and process equipment in the mining, steelmaking and oil drilling industries. Typical 
applications include: rock crushers, shovel buckets, grinding mills and track pads. The homogeneous 
austenitic microstructure of Hadfield Steels is obtained by a homogenizing anneal to dissolve carbides 
and quenching the steel from temperatures above 1000 ºC to obtain a homogeneous, carbide-free, 
austenitic microstructure at room temperature [35].  
Hadfield steel has a high work hardening rate, with typical yield strengths of ~400 MPa and 
tensile strengths of ~950 MPa. The high work hardening of Hadfield steel has been explained by a variety 
of mechanisms. As the strain-induced austenite transformation to martensite is not observed in Hadfield 
Steel, the strain hardening is very likely due to a combination of mechanical twinning, the development of 
a specific dislocation microstructure and strain hardening, resulting from the interaction between solute 
C-Mn atom complexes and mobile dislocations [35], [36]. Due to the inherent alloying cost and difficulty 
of machining Hadfield steels, it is desirable to explore alternatives which will be pursued in the present 
work by using isothermal bainitic and Q&P heat treatments.  
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 EXPERIEMTNAL PROCEDURE CHAPTER 3 :
3.1 INTRODUCTION 
This chapter summarizes the materials, equipment and characterization techniques used in the 
present work. 
3.2 MATERIALS 
Seven materials were identified for the present work: AR400F, 301 Austenitic Stainless Steel, 
Abrasive, Armor, 9260, Hadfield and SAE 4325 steels with designations and compositions shown in 
Table 3.1. An abrasion resistant 400 Brinell hardness plate designated as AR400F was supplied by SSAB 
as 6.4 mm (0.25 inch) plate and served as the reference material. Wear results were normalized to the 
AR400F material. Nucor supplied the Abrasive and Armor steels, as per Nucor’s designations which were 
employed in present text, as 3.2 and 6.4 mm plates respectively. Gerdau supplied the 9260 steel as 
25.4 mm (1.0 inch) bars which was previously used in a study by Gerdemann and Shutts [28, 30]. John 
Deere and Company supplied a high Mn Hadfield Steel (HF) in three thicknesses; designations for the 
latter steels are based on thickness and are as follows: HF1 is the 4.8 mm (0.19 inch), HF2 is the 
15.9 mm (0.63 inch), and HF3 is the 19.1 mm (0.75 inch) thick plate. These materials were tested in the 
as-received condition. AK Steel supplied a lab grade 301 Austenitic Stainless (301SS) hot rolled bar. The 
301SS bar was machined to 6.4 x 25.4 x 76.2 mm (0.25 x 1.0 x 3.0 inch) coupons prior to heat treating. 
Professor Patrick Taylor of the Kroll Institute for Extractive Metallurgy provided the SAE 4325 Bond 
abrasion test coupon, dimensions discussed in Section 3.6.3, and this grade is frequently used as grinding 
media material in the mining industry. 
Table 3.1 – Chemical Composition of Investigated Materials in wt pct [28, 37-40, and 45]. 
wt pct C Mn Si Ni Cr Mo Ti Al N S P Cu B 
AR400F 0.14 1.37 0.12 0.14 0.15 0.15 0.027 0.031 0.046 0.001 0.012 0.23 0.0017 
Abrasive 0.21 1.26 0.21 0.15 - 0.18 0.024 0.030 - 0.002 - 0.21 0.0015 
Armor 0.46 0.54 0.36 1.74 - 0.31 0.003 0.028 - 0.002 - 0.14 0.0002 
9260 0.60 0.95 1.96 0.03 0.08 0.01 - 0.025 - 0.007 0.014 0.08 - 
HF1,HF2,HF3 1.13 12.85 - 0.11 0.13 - - 0.004 - 0.009 0.014 - - 
301SS 0.11 0.52 0.53 6.48 17.04 0.098 - - - - - 0.00 - 
SAE 4325 0.46 1.00 0.25 - 1.00 0.20 - - - - - - - 
 
 
The Ac3, Bs, and Ms temperatures were calculated, using Equations 3.1, 3.2 and 3.3 [34] 
respectively, where the alloy element compositions are in wt pct. Table 3.2 summarizes predicted critical 
temperature values for the Abrasive, Armor, and 9260 steels which were heat treated to stabilize 
austenite: 
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 Ac3         10   203√    15.2Ni   44. Si   104V   31.5Mo   13.1W (3.1) 
  s         30   2 0     0Mn   3 Ni    0 r    3Mo (3.2) 
 Ms (°C) = 
 
 
 [(930 - 540C - 60Mn - 40Cr - 30Ni - 20Si - 20Mo) - 32] (3.3) 
 
Table 3.2 – Calculated Transformation Temperatures (C) of Heat treated Materials [34]. 
 Ac3 Bs Ms 
9260 840 575 263 
Abrasive 830 639 387 
Armor 772 567 306 
 
3.3 HEAT TREATING 
The Abrasive, Armor, and 9260 steels were heat treated to produce a variety of microstructures 
containing different levels of austenite and different hardnesses. Hong et al. [41] studied the 
microstructures and mechanical properties of High-Si plate steel produced via the quench and 
partitioning (Q&P) process in comparison to traditional heat treatments (i.e. austempering, intercritical 
annealing for dual phase, quench and tempering). Hong was able to quench and partition blanks with 
dimensions 12 x 15 x 75 mm (0.5 x 0.6x 3 inch) and monitored the temperature via inserted 
thermocouple. The wear test coupons that are heat treated for this work are of similar thickness, 
6 x 25 x 75 mm (0.25 x 1 x3 inch) and the thermal path observed by Hong reproduced in Figure 3.1 has 
been used as a guide for the heat treating of samples. 
  
Figure 3.1 Measured CCT diagram of 9260 steel with the calculated maximum cooling rate for 
martensite formation predicted by Krauss et al. [42]. The actual thermal path for Q&P is 
also shown in the figure as the bold line with arrow. Adapted from Hong et al. [41].  
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Predictive graphs of RA vs. quench temperature have been generated for the Abrasive, Armor and 
9260 steel as shown in Figure 3.2 assuming “idealized” carbon partitioning and the absence of carbide 
formation. It should be noted that the Si content of the Abrasive and Armor grades may not be sufficient 
to suppress carbide formation. These graphs were generated using the method described in Section 2.6, 
adapted from Gerdemann et al. [28] using the Nehrenberg martensitic start temperature Equation 2.8 [43]. 
An optimum quenching temperature corresponding to maximum austenite fractions was identified as 
245 °C for the Abrasive, 220 °C for the Armor, and 190 °C for the 9260. An austenitizing soak 
temperature of 860 ºC and time of 300 s was used for the materials and was followed by isothermal 
bainitic holds (IBH) and Q&P treatments shown in Table 3.3.  
 
Figure 3.2 Predicted volume fractions of RA as a function of quenching temperature. An optimum 
quenching temperature corresponding to maximum austenite fractions was identified as 
245 °C for the Abrasive, 220 °C for the Armor, and 190 °C for the 9260. 
Table 3.3 – Heat Treating Parameters for the Abrasive, Armor and 9260 Steels. 












 WQ 860 - - WQ 
 IBH 860 - 400 30/240/900 
Abrasive Q&P 860 205 400 30/240/900 
 Q&P 860 245 400 30/240/900 
 Q&P 860 285 400 30/240/900 
 WQ 860 - - WQ 
 IBH 860 - 400 30/240/900 
Armor Q&P 860 180 400 30/240/900 
 Q&P 860 220 400 30/240/900 
 Q&P 860 260 400 30/240/900 
 WQ 860 - - WQ 
 IBH 860 - 400 30/240/900 
9260 Q&P 860 150 400 30/240/900 
 Q&P 860 190 400 30/240/900 
 Q&P 860 230 400 30/240/900 
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Three different salt pots were used to heat treat the Abrasive, Armor, and 9260 samples. A high 
temperature salt pot was used to austenitize the samples at 860 °C for 300 s, a medium temperature salt 
pot was used for the hold temperature of 400 °C for 30, 240, and 900 s, and a low temperature salt pot 
was used for the different quench temperatures for the Q&P treatments ranging from 150 to 285 °C for 
30 s. IBH heat treatments were performed on the Abrasive, Armor, and 9260 at 400 ºC for 30, 240, and 
900 s. The 400 °C hold temperature was chosen for the IBH treatments to further compare between the 
IBH and Q&P heat treatments. The partitioning temperature of 400 °C was selected for the Q&P 
treatments because this partitioning temperature showed the greatest levels of RA in the Gerdemann 
study [28]. The times were selected in the present study to be similar to the partitioning times used by 
Gerdemann. Additional 9260 WQ samples were tempered at 350 °C for 2700 s to lower the hardness to 
60 HRC for comparison with other conditions. Prior to heat treating, select samples of Abrasive and 
Armor were straightened using a 3 point bend test to reduce any curvature. 
The 9260 samples were machined out of 25.4 mm (1.0 inch) bars. Samples were machined out of 
the bars via band saw, cutting the top third and bottom third of the bar off. The wear surface was one third 
of the diameter away from the edge of the bar on both the top and bottom surface.  
The 301SS was heated to 1100°C for 1800 s and then water quenched per the recommendation of 
Dr. Brandon Hance [38]. The AR400F, SAE 4325, and all Hadfield steels were used in the as-received 
condition. 
Two conditions of the heat treated 9260 were cryogenically treated (CQ) to transform some of the 
retained austenite into fresh martensite to investigate the effect of freshly transformed martensite on wear 
resistance. The designations for the cryogenically treated steels are as follows: IBH CQ is 9260 IBH 
400 °C for 240s WQ then submerged in liquid nitrogen for 3600 s, Q&P CQ is 9260 Q&P 190 °C for 30 s 
and partitioned at 400 °C for 240 s WQ then submerged in liquid nitrogen for 3600 s. These conditions 
were selected because they had the largest volume fraction of retained austenite that shared partitioning 
condition of 400 °C for 240 s. Samples for DSRW, impeller-tumbler impact-abrasion, and Bond abrasion 
machines were submerged in liquid nitrogen for 3600 s. 
3.4 MICROSTRUCTURAL CHARACERIZATION 
This section discusses the microstructural characterization techniques used in the present work 
including light optical microscopy (LOM), scanning electron microscopy, and x-ray diffraction (XRD). 
 LIGHT OPTICAL MICROSCOPY 3.4.1
LOM was conducted using an Olympus PMG3 microscope. Samples for microstructural 
characterization were prepared using standard preparation techniques for mechanical grinding and 
polishing, finishing with 1 micron diamond polishing media. LOM were etched with 2 pct Nital (aqueous 
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solution of 2 vol pct nitric acid (HNO3) in ethanol (C2H5OH)) for Abrasive, Armor, AR400F, 9260 and 
SAE 4325, and Vilella’s Etchant (aqueous solution of 1 vol pct picric acid (C6H3N3O7), 5 vol pct 
hydrochloric acid (HCl) in ethanol (C2H5OH)) for 301SS, and the Hadfield steels. 
 SCANNING ELECTRON MICROSCOPY 3.4.2
Field Emission Scanning Electron Microscopy (FESEM) was conducted using a JEOL 
JSM7000F FESEM microscope. Polished and etched metallographic samples were prepared for FESEM 
analysis following the same procedure as for the LOM. The same etchants were used as for the LOM 
study. Environmental Scanning Electron Microscopy (ESEM) was conducted on select wear surfaces. For 
the dry sand rubber wheel samples, the ESEM micrographs were taken in the center of the wear surface. 
For the impeller-tumbler impact-abrasion samples, the ESEM micrographs were taken on the bottom 
surface of the sample (in regards to the sample orientation in the test set up described in Section 3.6.2) 
near the corner which underwent the most wear. For the Bond abrasion samples, the ESEM micrographs 
were taken on the wear surface on the end that experienced wear in the middle of the sample. These 
locations are shown in Figure 3.3 which shows tested AR400F Bond abrasion, impeller-tumbler 
impact-abrasion, and DSRW samples. 
 
                                       (a)                                        (b)                                       (c) 
Figure 3.3 AR400F wear test samples where the “X” indicates the area where ESEM micrographs 
were taken for (a) Bond Abrasion samples, (b) impeller-tumbler impact-abrasion 
samples, (c) DSRW samples. 
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 X-RAY DIFFRACTION 3.4.3
X-ray diffraction (XRD) was performed to determine the volume fraction and carbon content of 
the retained austenite using the SAE method [44]. A nickel filtered copper X-ray source and an 
X’celerator detector were used. A tube current of 40 kA and a generator voltage of 45 kV were used. 
Samples were scanned over a 2θ range from 40 to 110  for a scan time of approximately 1800 sec. Four 
austenite and four ferrite/martensite peaks {111}γ{200}γ {220}γ {311}γ and {110}  {200}  (211}  {220}  
respectively were analyzed to determine the retained austenite volume fractions. The C content was 
determined from the austenite {220} peak position and the relationship between the austenite lattice 
parameter: 
 ao  3.555   0.044 xc (3.4) 
where ao is the lattice parameter and xc is the C content. Calculated lattice parameters were not 
corrected for differences in Si content between the different alloys [44, 45]. XRD was performed on 
samples prior to testing with a surface finish of 16 Ra and on the DSRW wear surface. To insure that the 
XRD measured only the wear surface a phosphorous sample was run in the XRD to determine the surface 
measured. Phosphorous fluoresces green when exposed to x-rays. A phosphorous sheet with an inscribed 
grid was run in the XRD at the same conditions as shown in Figure 3.4a to determine where the x-ray 
beam would interact with the surface. The wear surface from a DSRW test is 38.1 x 12.7 mm 
(1.5 x 0.5 inch) shown in Figure 3.4b and the largest surface area “illuminated” during an XRD scan is 
25.4 x 12.7 mm (1.0 x 0.5 inch) shown in Figure 3.4b with the smallest surface area during an XRD scan 
being 7.62 x 12.7 mm (0.3 x 0.5 inch) shown in Figure 3.4c. 
 At lower 2 theta values a larger surface was “illuminated” due to the beam skimming the surface 
of the sample. As the 2 theta values increased the beam was more focused and impacts a smaller area 
before being deflected to the detector. This difference in contact area is evident when comparing 
Figures 3.4b and c. This analysis confirms that only the wear surface was measured during the scans, 
because the XRD is always scanning a smaller surface area inside of the wear surface throughout the 
entire run. A dial gauge was used to ensure that the middle of the wear surface was at the same height as 
the silicon standard used to calibrate the machine. Each sample was positioned the same way with the 
rolling direction parallel with the x-ray source and detector. The wear surfaces were centered on the spot 
relative to the center of the phosphorous sheet. If a sample initially had a negligible level of RA, an XRD 
scan was not run on the worn surface. 
 
  41 
 
(a) 
     
                                                       (b)                                                                     (c)          
Figure 3.4 XRD of Phosphorous sheet (a) DSRW wear surface area is 38.1 x 12.7 mm (1.5 x 0.5”) 
where the white box represents the area being scanned at low 2 theta values and the black 
box being the area scanned at high 2 theta values, (b) Phosphorous sheet during XRD test 
scan at a 2 theta value of approximately 20. The illuminated surface is 25.4 x 12.7 mm 
(1.0 x 0.5”), (c) Phosphorous sheet during XRD test scan at a 2 theta value of 
approximately 140. The illuminated surface is 7.62 x 12.7 mm (0.3 x 0.5”). 
(color image - see PDF copy) 
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3.5 HARDNESS MEASUREMENTS 
Rockwell hardness tests were conducted on the Abrasive, Armor, 9260, SAE 4325 steels on the 
HRC scale and 301SS and Hadfield steels on the HRB scale. On all materials Vickers hardness tests were 
conducted using a 1 kg load and 10 s dwell time. A standard was tested before every set of measurements 
to ensure that the hardness testers were accurate. The average values of at least 4 hardness measurements 
were used to assign an uncertainty (standard deviation of the measurements. The uncertainties of the 
measurements are smaller than or equal to the size of the symbols for both Rockwell and Vickers 
hardness for all the figures presented in this work. 
3.6 WEAR TESTING METHODS 
Three wear testing methods were selected for the present work: dry sand rubber wheel (low 
impact), impeller-tumbler impact-abrasion wear test (medium impact), and Bond abrasion (high impact) 
as described in Section 2.3 and detailed in Sections 4.5.1, 4.5.7, and 4.5.9. Photographs of samples used 
in each wear test method are shown in Figure 3.5. All the wear samples were surface ground to a finish of 
16 Ra prior to testing. 
 
                          (a)                                   (b)                                  (c)                                      (d) 
Figure 3.5 AR400F wear test samples (a) AR400F as-ground to 16 Ra, (b) AR400F DSRW sample, 
(c) AR400F impeller-tumbler impact-abrasion sample, (d) AR400F Bond abrasion 
sample. 
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 DRY SAND RUBBER WHEEL 3.6.1
Dry sand rubber wheel (DSRW) tests were performed following the ASTM Standard G65-04 
Procedure B [8]. The test set-up of the DSRW is shown in Figure 3.6. Prior to testing: weighing, 
metallographic analysis, XRD, Rockwell and Vickers Hardness were performed. Sample weights were 
measured on a scale accurate to 0.1 mg prior and after testing. The sample dimensions varied but were 
always greater than the contact area of the rubber wheel 12.7 x 38.1 mm (0.5 x 1.5”) throughout the test. 
Typical samples sizes were 25.4 x 76.2 x 6.4 mm (1 x 3 x 0.25”) and were always machined in the rolling 
direction so that the wear tests always measured in the rolling direction. At least 4 samples were 
machined out of each bulk material for testing. The AR400F steel was used as the normalizing standard. 
A standard was tested for each individual bag of AFS 50/70 silica sand allowing greater insight into the 
variability and repeatability of wear testing with all of the wear tests. Two wheels were resurfaced by 
Sunray Inc. and a deteriorated wheel exhibiting uneven wear, which was used for approximately 100 
tests, is shown in Figure 3.7. 
 
                                                               (a)                                                                                         (b) 
Figure 3.6 (a) Test set-up of DSRW (b) Leveled arm with mounted sample.  
 
After approximately 100 tests the surface of the wheel would deteriorate and cause the sample to 
experience an uneven loading condition. When this uneven loading condition was observed a new wheel 
was installed and an AR400F standard was run. This was done because the morphology of the wheel 
affected wear rates. For conditions where the wheel exhibited uneven wear. More wear occurred on the 
side of the wheel that was closest to the motor. 
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                                           (a)                                                                                (b)          
Figure 3.7 Deteriorated rubber wheel surface after approximately 100 tests (a) right side of the 
wheel was closest to the motor (b) preferentially deteriorated area of rubber on the rubber 
wheel contact surface.  
 
The AFS (American Foundry Society) 50/70 silica sand was supplied in 50 lbs. bags by US 
Silica, where the 50/70 refers to the AFS mesh size. The abrasive sand was sieved and found to have an 
AFS number of 51.8 which is in accordance with the AFS 50/70 specification. Results of the sand sieving 
study are shown in Table 3.4 which shows the sand being segregated into the 50-70 mesh range.  











10     0.0   0.00    0.045   0.00 
20     0.0   0.00 0.1   0.00 
30     0.0   0.00 0.2   0.00 
40     0.0   0.00 0.3   0.00 
50   22.5   2.37 0.4   0.90 
60 736.2 77.45 0.5 38.70 
80 191.5 20.15 0.6 12.10 
100     0.1   0.01 0.8   0.01 
140     0.1   0.01 1.0   0.01 
200     0.1   0.01 1.4   0.01 
Pan     0.0   0.00 2.0   0.00 
Totals 950.5 100.00 - 51.8 
 
 
Approximately 6 tests were performed per bag with at least one test being an AR400F sample for 
normalizing the results. To increase repeatability, the sand hopper was always filled to the top and leveled 
prior to testing. The distances from the pivot point to the sample holder and weight arm were equivalent. 
Keeping these distances constant and insuring that the level arm bar was level, using an air bubble in 
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water level, allowed for increased repeatability. Prior to every test the temperature of the sample held in 
the sample mount was measured. Testing would not commence until the temperature was 25°C or less.  
Twelve tests were performed using the standard AR400F without allowing the wheel to cool 
down to room temperature between consecutive tests. The results of this temperature study are presented 
in Figure 3.8. After the first test the wear surface of the sample had a temperature of 30 °C. The wear 
surface and rubber temperatures increased and then reached a plateau at 55 ± 2 °C after 2400 s during 
consecutive tests. The average temperature increase of the AR400F wear surface was 18 ± 4 °C. 
 
Figure 3.8 Temperature of AR400F wear sample surface and rubber wheel surface temperature 
versus time. 
 
The sand flow system was emptied and cleaned periodically to maintain a repeatable sand flow 
rate. Prior to each test the sand was allowed to build up behind the nozzle head until the bulk of the sand 
was static. The sand was released for 60 sec and then weighed to obtain an initial flow rate prior to 
beginning of each test to insure consistent flow rates. Once the flow rate was established to be 350 ± 20 
g/min the test would commence by starting the rubber wheel motor and loading the sample with 30 lbs. 
against the wheel. Calibrated weights (3 x 10lbs.) were obtained to ensure an accurate force was applied 
to the sample. Once the test commenced, the rubber wheel rpm was maintained at 200 ± 2 rpm monitored 
by a Hall Effect sensor connected to a digital display. The test was run for 600 ± 3 s. After the allotted 
time, the weight was unloaded and the flow of sand ceased. Once the wear surface was visible the wear 
surface temperature was measured by a Fluke® IR Thermometer with adjustable emissivity. The 
emissivity was calibrated prior to each temperature measurement. The temperature and humidity of the 
room was monitored using a Digital Hygro-Thermometer. The total sand used during the test was also 
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weighed to determine the average sand flow rate during the test. The average sand flow rate for the 
AR400F tests used to normalize the data was 351 ± 9 g/min. 
Each wear test coupon was weighed before and after the test to determine a mass loss accurate to 





then normalized to the AR400F sample wear tested using the same bag of AFS 50/70 silica sand. This 
insured that at least one reference sample was tested per bag of sand, and in some cases more than one 
standard was tested per bag. The average volume loss of every AR400F used to normalize the DSRW 
data was 107 ± 9 mm
3
. At least four tests of each condition were performed and the average of these tests 
was reported with the standard deviation. 
The spread in the data is affected by several variables including sand morphology, sand flow rate, 
and morphology of the rubber wheel. These variables affect the contact area between the rubber wheel 
and the sample during the test.  
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST  3.6.2
The impeller-tumbler impact-abrasion wear test was designed and manufactured based on the 
wear tester presented by Bouchaud et al. [10]. There is no standard for this wear test which approximates 
medium impact mechanisms. The test set-up is shown in Figure 3.9a. The top end of a W2 tool steel rod 
was machined so that it could fit into the Jacobs chuck of a Wilton drill press. The bottom end was 
machined so that a bolt and two vibration washers could mount a sample to the bottom of the rod shown 
in Figure 3.9b. The rod was wrapped in 3M friction tape.  
All samples were surface ground to 16 Ra on the large top and bottom surfaces and had 
approximate dimensions of 25.4 x 76.2 6.4 mm (1 x 3 x 0.25”) with a  . 2 mm (25/ 4”) hole at the center 
of the sample to accommodate the bolt threads. The ceramic 12.7 mm (0.5”) V-Cylindrical abrasive used 
was supplied by McMaster Carr. The ceramic is typically used as tumbling media to deburr parts. A 5 
gallon bucket was filled to a height of 4 inches. The sample depth during the test was 19 mm (0. 5”) from 
the bottom of the bucket. This depth was selected so that when two V-cylindrical ceramic media would 
pass between the sample and the bottom of the bucket the sample would experience wear loss. Samples 
were rotated at 120 rpm for 1800 ± 3 s. Sample weights were measured on a scale accurate to 0.1 mg 
prior and after testing. Abrasive prior to testing and after testing all 65 samples is shown in Figure 3.10. 
The abrasive has undergone wear in the form of chips from the edges. The same abrasive was used for all 
the impeller tests and every six tests a standard were run in order to normalize the data. The average and 
standard deviation of three tests of each condition were reported. 
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                                            (a)                                                                      (b) 
Figure 3.9 Test set-up of impeller-tumbler impact-abrasion wear test (a) mounted sample submerged 
in the abrasive (b) mounted AR400F sample. 
 
     
                                            (a)                                                                            (b) 
Figure 3.10 V-cylindrical ceramic abrasive (a) as-received (b) after impeller testing. 
 BOND ABRASION MACHINE 3.6.3
The Bond abrasion wear tester was used to approximate high impact mechanisms [13]. There is 
no ASTM standard for this wear test. The tests were run to the same standards as previous experiments 
conducted by M. Uceda et al. [12]. The set-up is shown in Figure 3.11. The Bond abrasion machine was 
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built by Hazen Research based on an existing abrasion machine. However the configuration of the 
rotor/paddle drive train was re-designed and constructed by Professor G.P. Martins at the Colorado 
School of Mines. This modification consisted of incorporating two cogged belt/pulley components, 
instead of V-belt and gear drive components in order to assure no-slip that might be associated with the 
V-belt and excessive noise with the gears. The primary components of the Bond abrasion machine 
included inner and outer rotating shafts, and a rotating drum. A 0.5 horse power variable speed DC motor 
provided the rotation of the drum and coupon holder. There was a 178 mm (7.0 inch) long shaft that 
connects to the gearbox. From the torque sensor, there was a 203 mm (8.0 inch) shaft that was connected 
to a pulley that drove the inner shaft. The diameter of the rotatory drum was 305 mm (12.0 inch) and was 
102 mm (4.0 inch) deep. The diameter of the inner shaft was 15.9 mm (0.63 inch) with a length of 1067 
mm (42.0 inch). The outer tubular shaft had an outer diameter of 25.4 mm (1.0 inch) and was roughly 991 
mm (39 inch) long. The gearbox had a 25:1 ratio and rotated the outer shaft, which was connected to the 
drum. Two pulleys had a 2.77:1 ratio and rotated the inner shaft, which was connected to the rotor that 
has the paddle. The drum rotated at 70 rpm and the paddle rotated at 632 rpm. The speeds were 
determined by use of a stroboscope. The rotor was keyed onto by the inner shaft, which was secured by a 
set-screw. The rotor had a diameter of 114 mm (4.5 inches) [12]. Data were not collected using the torque 
transducer. 
 
                                                        (a)                                                                          (b)  
Figure 3.11 (a) Bond abrasion machine showing the rotating drum and rotor [12] (b) Drum filled with 
400 g of abrasive and sample mounted.  
 
The wear tests were conducted according to the procedure originally designed by 
Bond et al. [13]. The tests used the same ceramic 12.7 mm (0.5”) V-Cylindrical abrasive supplied by 
McMaster as used in the impeller-tumbler impact-abrasion wear test. Bond used samples of SAE 4325 to 
determine an abrasive index for different ore types.  
Rotating Drum 
Rotor 
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Figure 3.12 (a) Bond abrasion machine motor and gear box. 
 
The ceramic abrasive had an abrasive index of 0.1206 g which is comparable to heavy sulfides 
tested by Bond with an average abrasive index of 0.1284 g [13]. Instead of varying the ore or abrasive in 
the tests, the material used for the paddle was varied with select materials from the heat treating matrix 
along with samples of the 301SS and Hadfield. Samples were machined and surface ground to 16 Ra 
according to the drawing shown in Figure 3.14. Abrasive prior to testing and after testing is shown in 
Figure 3.13. The abrasive has undergone wear in the form of chips from the edges which was more severe 
than for the impeller-tumbler impact-abrasion test. 
Each test was conducted for 4 increments of 900 s for a total test time of 3600s. The weight of the 
sample was measured on a scale accurate to 0.1 mg prior and after each testing interval. 400 g of fresh 
abrasive was used for each interval for a total of 1.6 kg of ceramic abrasive per test. The wear surface is 
the 25.4 x 58.7 mm (1 x 2.312”) section of the sample. Only one side of the sample experiences wear loss 
during the test. This allowed for two volume loss measurements per sample. The average and standard 
deviation of three tests of each condition were reported. 
 
Motor 
 Gear Box 
 
 Torque Transducer 
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                                                       (a)                                                   (b) 
         
                            (c)                                                   (d)                                             (e) 
Figure 3.13 Ceramic Abrasive (a) as-received (b) after first 900 s of testing (c) after second 900 s of 
testing, (d) after third 900 s of testing, (e) after fourth 900 s of testing. 
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Figure 3.14 Bond abrasion sample machining specifications (dimensions in inches). Set screw 
recesses were also machined into the groove to ensure the sample remained in the mount 
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 RESULTS AND DISCUSSION CHAPTER 4 :
4.1 INTRODUCTION 
This chapter reports microstructural characterization, retained austenite assessment, hardness, and 
DSRW, impeller-tumbler impact-abrasion, Bond abrasion wear testing results. The wear results are 
discussed with respect to microstructure, hardness and retained austenite levels. 
4.2 MICROSTRUCTURAL CHARACTERIAZTION 
This section will discuss the as-received material microstructures and the heat treated Abrasive, 
Armor and 9260 steels microstructures. 
 AS-RECEIVED MICROSTRUCES 4.2.1
The as-received LOM micrographs of the AR400F, Abrasive, Armor, 9260, SAE 4325, 301SS 
and Hadfield steels are discussed in this section. LOM Micrographs of as-received AR400F, Abrasive, 
and Armor are shown in Figure 4.1. The AR400F appears to be fully martensitic which was confirmed by 
FESEM micrographs shown in Figure 4.2. The Abrasive and Armor shown in Figures 4.1b and c, both 
have a banded microstructure likely associated with Mn segregation. The 9260, SAE 4325, 301SS, and 
Hadfield steel micrographs are shown in Figure 4.3. The 9260 micrograph was taken at one third the 
radius of the bar sectioned perpendicular to the rolling direction as sample surfaces were machined from 
the bar to have surfaces at one third thickness, and has a ferrite pearlite microstructure. The SAE 4325 
steel and 301SS appear to be martensitic, but the 301SS was confirmed austenitic as discussed in 
Section 4.3. The Hadfield steels had various grain sizes with annealing and deformation twins observed. 
 
                           (a)                                                (b)                                                (c) 
Figure 4.1 LOM of the as-received condition where RD is the rolling direction, TD is the transverse 
direction, and ND is the normal direction. (a) AR400F (b) Abrasive (c) Armor. Etched 
with 2 vol pct Nital. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure 4.2 FESEM Micrographs of (a,b) AR400F as-received, (c,d) SAE 4325 as-received. Etched 
with 2 vol pct Nital. 
 
 The presence of twins in both the 301SS and Hadfield steel, HF2, may result from polishing 
during sample preparation since XRD showed a fully austenitic microstructure. Electro polishing was not 
conducted. 
 ABRASIVE, ARMOR, AND 9260 HEAT TREATED MICROSCTRUCTURES 4.2.2
Due to the microstructural fineness, Field Emission Scanning Electron Microscopy (FESEM) was 
conducted on the water quenched, isothermal bainitic hold, and Q&P with optimum quench temperature 
samples for the Abrasive, Armor, and 9260 steels. FESEM was also conducted on the as-received 
AR400F and SAE 4325 as presented previously in Figure 4.2. All the micrographs were taken on the 
surface corresponding to where wear would occur during testing.  
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                                         (a)                                                                               (b)          
     
                                        (c)                                                                                (d) 
     
                                         (e)                                                                               (f) 
Figure 4.3 LOM Micrographs of as-received materials (a) 9260, (b) SAE 4325, (c) 301SS, (d) HF1, 
(e) HF2, (f) HF3. The 9260 and SAE 4325 were etched with 2 vol pct Nital and the 
301SS, HF1, HF2, and HF3 were etched with Vilella’s Etchant. 
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Micrograph labels were added to some and follow the corresponding format: “ F” for bainitic 
ferrite, “ ” for carbides, “M” for martensite, “P” for pearlite, and “RA” for retained austenite. Some 
retained austenite (RA) fractions are discussed in this section and are presented and discussed in detail in 
Section 4.3and 4.5.5. 
Micrographs of water quenched (WQ) Abrasive, Armor, and 9260 are shown in Figure 4.4. The 
microstructures are interrupted to be fully martensitic. The prior austenitic grains can be distinguished in 
the steels and appear to be equiaxial. The AR400F shown in Figures 4.2a and b, and Abrasive low carbon 
steels experienced a more severe etching response than the higher carbon steels. Temper carbides were 
observed in AR400F.  
Micrographs of the samples heat treated by isothermal holding at 400 °C following full 
austenization are presented in Figure 4.5-7. Micrographs of the Abrasive isothermal bainitic hold 
conditions are shown in Figure 4.5. None of the Abrasive IBH conditions had any observable levels of 
RA as measured by XRD presented in Section 4.3. Prior austenitic grains were observed to be equiaxial. 
The observed levels of carbides increased with holding time. The severity of the etching response also 
seems to increase with holding time. This may be due to the formation and growth of carbides and 
lowering of the matrix C content since the Abrasive had low alloying content, in particular Si, which 
insufficiently suppressed carbide formation. The 240 s hold time shows regions of lightly etched regions 
which are likely martensite. This martensite, likely formed during final quenching to room temperature, is 
labeled as “M” in Figure 4.5d. The 900 s hold time shows large amounts of carbides and the 
microstructure is uniformly heavily etched.  
Micrographs of the Armor isothermal bainitic hold conditions are shown Figure 4.6. The Armor 
30 s bainitic hold time experienced the lightest overall etching response. Some regions exhibit a more 
severe etching response and some carbides are visible in the lath type regions. The laths are observed to 
have nucleated and grown from prior austenite gran boundaries consistent with bainite formation. Lightly 
or unetched laths exist between the deeply etched ferrite laths which is likely RA. Based on XRD this 
condition had 12 vol pct of RA. The longer hold times of 240 and 900 s had significantly lower observed 
levels of RA via XRD, the 240 s had 3.2 vol pct RA whereas the 900 s had only 2 vol pct RA. 
The 240 s hold time exhibited regions of potential bainite with RA between bainitic laths and lightly 
etched regions of martensite likely formed during final water quenching. The 900 s condition did not 
show these regions and uniform etching was observed. Additional micrographs are shown in Figure B.6. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.4 FESEM micrographs of materials austenitized at 860 °C for 300 s then water quenched 
(a,b) Abrasive, (c,d) Armor, (e,f) 9260 steel. Etched with 2 vol pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.5 FESEM micrographs of Abrasive with IBH at 400 °C for (a,b) 30 s, (c,d) 240 s, and 
(e,f) 900 s. Etched with 2 vol pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.6 FESEM micrographs of Armor with IBH at 400 °C for (a,b) 30 s, (c,d) 240 s, and 
(e,f) 900 s. Etched with 2 vol pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.7 FESEM micrographs of 9260 steel with IBH at 400 °C for (a,b) 30 s, (c,d) 240 s where 
BF is bainitic ferrite, P is pearlite, and RA is retained austenite, and (e,f) 900 s. Etched 
with 2 vol pct Nital. 
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Micrographs of the 9260 isothermal bainitic hold conditions are shown in Figure 4.7. All the 
conditions have various amounts of bainite, martensite, retained austenite and pearlite. Even though the 
bainitic hold temperature was selected between the bainitic start and martensitic start temperature, the 
cooling rate to the bainitic hold temperature was not fast enough and hardenability alloying additions 
were insufficient to prevent the formation of pearlite which was observed in each of the holding times for 
the 9260 grade. Bainite with retained austenite (RA) also appears to be present. The amount of pearlite 
formed was qualitatively not observed to change between hold times. It should be noted that pearlite was 
not observed in the rapid-cooled WQ samples. The bainitic regions experienced a reduced etching 
response between more severely etched ferrite regions indicative of RA stabilization. The 9260 steel 30 s 
bainitic hold time condition contains 18 vol pct of RA as measured by XRD; the fraction of RA increased 
to 26 vol pct for the 240 s hold time and 23 vol pct was measured for the 900 s hold time. Retained 
austenite (RA) and bainitic ferrite (BF) are labeled and shown in Figure 4.7d. The 9260 steel 240 and 
900 s hold times had similar microstructures with similar microstructural constituents and are shown in 
greater detail in Figure B.10.  
Micrographs of the Q&P heat treated samples are presented in Figures 4.8 through 4.12. Large 
amounts of carbides appear to have formed as shown in Figure 4.8. Calculated optimum quench 
temperatures were used for these conditions. Micrographs of the Abrasive quench and partitioned samples 
using the optimum quench temperature of 245 °C and using partitioning times (Pt) of 30, 240, and 900 s 
are shown in Figure 4.9. None of the Abrasive IBH or the Q&P conditions exhibited any observable 
levels of RA indicative of insufficient Si alloying to prevent cementite formation. The main 
microstructural difference between the IBH and the Q&P microstructures was the formation of fresh 
martensite in the IBH condition shown by the lightly etched regions. The Q&P conditions did not show 
any evidence of this feature even at 30 s Pt. The prior austenitic grains are observable and appear to be 
equiaxial.  
Micrographs of the Armor Q&P conditions at the calculated optimum quench temperature of 
220 °C are shown Figure 4.10. The 30 s Pt showed a light etching response that revealed large regions of 
martensite and some more deeply etched regions. The 30 s Pt had 12 pct RA from XRD which may not 
have been revealed as well by the etching condition used. The 240 and 900 s conditions had 5 and 
3 vol pct RA respectively. These values are similar to the observed values for the Armor IBH conditions 
with a slight increase in RA levels. The 240 s Pt showed heavily etched regions containing carbides, and 
RA, and lightly etched regions of potentially fresh martensite formed during the final quenching. The 
latter regions did not appear in the 900 s Pt condition and a uniform etching response revealed a 
microstructure of martensite, carbides, and RA. 
  61 
Micrographs of the 9260 quench and partitioned samples at the calculated optimum quench 
temperature of 190 °C are shown in Figure 4.11. The 30 s partitioning time (Pt) shows elongated regions 
of RA as labeled in Figure 4.11b and also shown in Figure B.8 appeared to have formed between regions 
of low carbon martensite or potentially bainite. The 30 s Pt had 20 pct RA. Lightly etched regions are also 
observed likely formed during final WQ and labeled as “M” for “fresh” martensite. The 240 and  00 s Pt 
conditions had 25 and 24 pct RA respectively. The 240 and 900 s Pt conditions had similar 
microstructures with limited observed regions of light etching but rather regions of deeper etching 
responses combined with RA regions that appeared to not be etched. These features are also shown in 
Figure B.9.  
     
                                                   (a)                                                            (b) 
Figure 4.8 FESEM micrographs of carbides in the Abrasive Q&P samples with a quench 
temperature of 245 °C and partitioned at 400°C for (a) 30 s, and (b) 240 s where C labels 
carbides. Etched with 2 pct Nital. 
 
FESEM micrographs of the 9260 steel conditions with various quench temperatures partitioned at 
400°C for 30 s are shown in Figure 4.12. The RA content of the microstructures was determined by XRD 
to be 16, 20, and 12 pct for quench temperatures of 150, 190, and 230 °C, respectively. Per the Q&P 
austenite prediction model discussed in Section 2.6, this can be understood as follows: the 150 °C quench 
temperature has a lower level of RA due to more formation of martensite on the initial quench. This initial 
formation of martensite greatly reduces the amount of available austenite. The 230 °C quench temperature 
has a lower level of RA, due to not enough martensite forming during the initial quench, which results in 
less carbon partitioning during the partitioning step which would not have the ability to fully stabilize the 
remaining austenite. Substructure is visible in the lighter etched laths shown in Figure 4.12b which 
suggest martensite formation during the final quench. In contrast, Figure 4.12d reveals laths with smooth 
appearance without substructure indicating effective austenite stabilization. The optimum quench 
temperature of 190 °C forms enough martensite to stabilize the austenite while leaving a larger amount of 
austenite to stabilize.  
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.9 FESEM micrographs of Abrasive Q&P heat treated samples with a quench temperature 
of 245 °C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, and (e,f) 900 s. Etched with 
2 pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.10 FESEM micrographs of Armor Q&P heat treated samples with a quench temperature of 
220 °C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, and (e,f) 900 s. Etched with 2 
pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.11 FESEM micrographs of 9260 steel Q&P heat treated samples with a quench temperature 
of 190 °C and partitioned at 400°C for (a,b) 30 s where M indicates martensite and RA 
indicates retained austenite, (c,d) 240 s, and (e,f) 900 s. Etched with 2 pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure 4.12 FESEM micrographs of 9260 Q&P heat treated samples quenched to various quench 
temperatures (a,b) 150 °C, (b,c) 190 °C, and (c,d) 230 °C and fixed partitioning at 400°C 
for 30 s. Etched with 2 pct Nital. 
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4.3 RETAINED AUSTENITE LEVELS IN HEAT TREATED SAMPLES 
XRD measurements were performed on Abrasive, Armor, and 9260 heat treated samples before 
and after dry sand rubber wheel (DSRW) tests. XRD results for the heat treated samples are discussed in 
this section whereas austenite changes following wear testing are discussed in Section 4.5. Measured RA 
fractions and C content are summarized in Table 4.1 Isothermal bainitic hold (IBH) RA values are shown 
in Figure 4.13a for the Armor and the 9260 samples. XRD did not detect a measureable amount of RA in 
the Abrasive samples likely due to insufficient Si levels to prevent carbide formation as discussed in 
Section 4.2. The Armor IBH conditions show a significant decrease in RA vol pct with longer hold times. 
The 9260 IBH conditions show a RA increase and then a slight decrease with longer time. The Armor and 
9260 IBH C content is shown to increase with hold time in Figure 4.13b.  
     
                                               (a)                                                                               (b) 
Figure 4.13 (a) Volume fraction of RA and (b) C content for the IBH Armor and 9260 samples. 
 
The Abrasive, Armor, and 9260 steel predicted and experimental retained austenite (RA) phase 
fractions versus calculated quench temperature (QT) for Q&P heat treatments are shown in Figure 4.14. 
The calculated optimum quench temperature (OQT) for Abrasive, Armor, and 9260 is 245, 220, and 
190 °C respectively. A partitioning temperature (PT) of 400 °C was selected in order to compare the 
present work with 9260 data from Gerdemann. This work used 30, 240, and 900 s whereas Gerdemann 
used 10, 120, and 900 s. The lack of austenite retention in the Abrasive grade is clear in Figure 4.14a. The 
Armor Q&P conditions show a decrease in RA vol pct with longer Pt. Gerdemann’s data shows that 9260 
RA vol pct decreases with longer Pt, whereas the current work shows that the 9260 RA vol pct increases 
and plateaus with Pt. The shorter Pt employed in both studies showed less RA for quench temperatures 
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above the calculated optimum temperature. Less austenite was experimentally obtained than calculations 
predicted in most cases. The offset is in general more pronounced for the Armor steel.  
 
     
                                               (a)                                                                              (b)  
        
                                               (c)                                                                              (d) 
Figure 4.14 Volume fraction of RA as a function of QT for (a) Abrasive, (b) Armor, (c) 9260 this 
work and (d) 9260 from Gerdemann [28]. 
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                                                                                       (a) 
        
                                               (b)                                                                              (c) 
Figure 4.15 C content (wt pct) as a function of QT (°C) for Q&P heat treated samples (a) Armor, (b) 
9260 this work and (c) 9260 from Gerdemann [28]. 
 
The Armor and 9260 C and RA content versus QT for Q&P heat treatments are shown in 
Figure 4.15. The Armor Q&P C content is shown to increase with QT for 30 and 240 s Pt while the 900 s 
Pt shows a decrease in C content with QT. The 9260 Q&P samples initially show increased RA and C 
contents with Pt for QT of 190 and 230 °C followed by a drop for 900 s Pt whereas continuously 
increasing levels with Pt are obtained for the 150 °C QT in present work. The 9260 data from Gerdemann 
for the 10 s Pt shows an increase in C content as the QT approaches the OQT and then a decrease as the 
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QT exceeds the QT. The 120 and 900 s Pt show an increase in C content with increasing QT. In general, 
increases in C content were observed with longer Pt by Gerdemann. 
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The Q&P RA values differ from Gerdemann’s data which may be due to a difference in 
employed partitioning times (10 and 120 s vs. 30 and 240 s in present work), and difference in quenching 
media since Gerdemann used a tin-bismuth pot in his quench set up in contrast to the salt baths used here. 
Gerdemann also used samples of different geometry as discussed in Section 3.3.  
4.4 HARDNESS RESULTS OF AS-RECEIVED AND HEAT TREATED MATERIALS 
Average hardness results for the WQ, Q&P and IBH samples are shown in Figure 4.16. Both 
Rockwell and Vickers hardness data are plotted. The average hardness results as a function of hold time 
for the heat treated Abrasive, Armor, and 9260 steel are shown in Figure A.1. For the Abrasive, a 
20 HRC (300 HV1) hardness drop was observed after a 30 s hold time for the IBH condition which 
showed a similar hardness level than the WQ sample. After this initial hardness decrease the hardness 
levels decreased at a significantly lower rate. This hardness decrease may be due to the amount of lightly 
etched regions indicative of carbon depleted martensite in the microstructures shown in Figure 4.5 which 
are not observed in the 240 and 900 s conditions.  
The quench and partitioning (Q&P) treatments do not show a significant change in hardness with 
increasing Pt and hardness values are greater than the obtained hardness in the IBH samples beyond 30 s 
holding. The hardness of the Q&P treatments decreased slightly with increasing quench 
temperature (QT).  
Hardness values obtained for the Armor steel are shown in Figures 4.16c and d. The Rockwell 
hardness appears to be virtually independent of QT for any given tested Pt. Similar hardness was obtained 
for the IBH and Q&P samples for the same holding times. In addition, the WQ samples exhibit similar 
HRC and slightly higher or comparable HV values than the 30 s hold/partitioning time conditions. 
Limited etched areas were observed following IBH for 30 s or partitioning which indicates that the 
hardness is mainly dictated by “fresh” martensite formed during final quenching or martensite where 
insufficient partitioning has occurred. 
Hardness values for the 9260 steel are plotted in Figures 4.16e and f. The Rockwell and Vickers 
hardness data appear to decrease with Pt. This may be due to the formation of more martensite on the 
initial quench which is evidenced in Figure 4.12. The decrease from the 30 s hold time to the longer hold 
times is due to the diffusion of carbon out of the martensite which can be observed by the reduction of 
lightly etched areas with substructure labeled with an “M” in Figure 4.11. It is of interest that the 9260 
Q&P longer Pt had a lower hardness than the Abrasive for the same heat treating. Upon first inspection 
this seems counter intuitive since 9260 has a higher C content than the Abrasive, but this trend is 
consistent with carbide formation, tempering reactions, and “effective” Q&P carbon partitioning. 
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                                                   (a)                                                                   (b) 
     
                                                   (c)                                                                   (d) 
     
                                                   (e)                                                                   (f) 
Figure 4.16 Average hardness results For WQ, IBH, and Q&P as a function of quench temperature 
and holding time (a,b) Abrasive, (c,d) Armor, (e,f) 9260. 
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4.5 WEAR TEST RESULTS 
The raw data for the DSRW, impeller, and Bond wear results are presented in Appendix D, 
Appendix E, and Appendix F respectively. 
 DSRW WEAR RESULTS 4.5.1
All the DSRW wear results in tabular form are given in Table 4.3. This section will discuss the 
results of the as-received and heat treated samples with respect to heat treating conditions, hardness, 
microstructure including retained austenite levels, and grain size for the Hadfield steels. The DSRW data 
are reported as normalized volume loss (NVL) to AR400F values. Reported standard deviations are from 
testing at least 4 tests. The volume loss of each sample was normalized to the volume loss of an AR400F 
sample that was run using the same bag of sand. 
Table 4.2 – DSRW NVL Results as a Function of Hardness pct RA, and Microstructure. 
Material RHT QT PT Pt Hardness RA Wear Resistance Microstructural 
 (°C) (°C) (°C) (s) Macro Scale pct (NVL) Constituents 
AR400F    - 40.3 HRC - 1.00 ± 0.08 Martensite, Carbides 
Abrasive As-Received 24.0 HRC - 1.30 ± 0.03 Ferrite, Pearlite 
 860 - - WQ 49.1 HRC - 0.66 ± 0.07 Martensite 
 












0.69 ± 0.06 
1.18 ± 0.05 
1.22 ± 0.04 
















0.97 ± 0.03 
1.06 ± 0.03 
















0.96 ± 0.04 
1.08 ± 0.03 
















1.04 ± 0.02 
1.09 ± 0.01 
1.13 ± 0.04 
Tempered 
Martensite 
Armor As-Received 31.8 HRC - 1.14 ± 0.02 Ferrite, Pearlite 
 860 - - WQ 62.7 HRC - 0.43 ± 0.05 Martensite 
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  2.4 
0.47 ± 0.06 
0.97 ± 0.05 
1.09 ± 0.07 
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  4.3 
  4.0 
0.39 ± 0.11 
1.00 ± 0.04 
1.11 ± 0.11 
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  2.9 
0.42 ± 0.13 
0.98 ± 0.03 
1.10 ± 0.10 
Q&P 
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  4.1 
0.43 ± 0.09 
1.01 ± 0.05 
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Table 4.3 continued – DSRW NVL Results as a Function of Hardness pct RA, and Microstructure. 
Material RHT QT PT Pt Hardness RA Wear Resistance Microstructural 
 (°C) (°C) (°C) (s) Macro Scale pct (NVL) Constituents 
9260 As-Received 28.6 HRC - 1.02 ± 0.02 Ferrite, Pearlite 
 860 - - WQ 65.6 HRC - 0.49 ± 0.09 Martensite 
    Q&T 59.3 HRC - 0.83 ± 0.02 Tempered Martensite 
 
















0.75 ± 0.12 
0.99 ± 0.04 
1.07 ± 0.03 
1.04 ± 0.02 
















0.51 ± 0.06 
0.86 ± 0.04 
0.94 ± 0.06 
Q&P 
 
















0.57 ± 0.04 
0.87 ± 0.02 
1.03 ± 0.03 
0.90 ± 0.04 
Q&P 
 












0.56 ± 0.07 
0.86 ± 0.09 
0.90 ± 0.05 
Q&P 
301SS As-Received 85.3 HRB 93.7 0.51 ± 0.03 Austenite 
HF1 As-Received 95.1 HRB 97.4 0.63 ± 0.01  
HF2     97.4 HRB 100 0.58 ± 0.04 Austenite 
HF3     86.3 HRB 100 1.68 ± 0.05  
 
 DSRW RESULTS FOR THE AS-RECIVED STEELS 4.5.2
All as-received DSRW wear data including all heat treated data for comparison are summarized 
in Figure 4.17 and plotted as a function of Rockwell (Figure 4.17a) and Vickers (Figure 4.17b) hardness. 
The as-received Hadfield steels showed by far the lowest NVL (greatest wear resistance) from all the 
materials in the as-received condition. Increased wear was observed for the other as-received materials in 
the following order: As-received 9260, Armor, Abrasive and 301SS. The heat treated material 
performance will be discussed in detail in the following paragraphs and the austenitic materials will be 
discussed in Section 0. 
 DSRW FOR HEAT TREATED ABRASIVE, ARMOR, AND 9260 STEELS 4.5.3
The DSRW normalized volume loss (NVL) results for the Abrasive, Armor, and 9260 heat 
treated steels are presented in Figure 4.18. The DSRW data demonstrate the dependence of DSRW wear 
resistance on hardness namely improved wear resistance with increased hardness. This trend is 
demonstrated individually by the Abrasive, Armor and 9260 grades that have been heat treated but when 
comparing across materials this trend does not appear to be as pronounced. This difference in dependence 
of wear resistance on hardness exhibited by different alloys may be due to various microstructural 
features, levels of RA, alloying, and the work hardening of the material. In Figure 4.18a, the effect of 
alloying content can be observed. The Abrasive steel has the lowest alloying content and has the highest 
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NVL at low hardness (less than 45 HRC). The Armor steel has a lower alloying content than the 9260 and 
has a higher NVL for hardness below 45 HRC. Above 45 HRC this effect is not as prevalent and the NVL 
values are similar for 60-65 HRC. Since alloying affects microstructural evolution and heat treating 
response, the effect of microstructure and hardness on wear resistance will be discussed in the following 
sections. 
     
                                                   (a)                                                                           (b) 
Figure 4.17 DSRW data for as-received steels (filled symbols) as a function of (a) Rockwell, (b) 
Vickers.  
 
The DSRW results are shown as a function of hold time for the heat treated materials in 
Figure 4.19. In general, the normalized volume loss (NVL) increased with hold time for all IBH and Q&P 
heat treated samples and this trend generally corresponds to reduced hardness with holding time.  
The Abrasive grade consistently had a greater NVL (reduced wear resistance) than the other heat 
treated materials with the exception of the 30 s isothermal bainitic hold (IBH) for the 9260 which 
contained large amounts of pearlite. The Abrasive grade had the lowest C content of the heat treated 
materials and exhibited significant carbide formation as shown in the micrographs in Figures 4.5c-f and 
Figures 4.9a-f. The carbide formation was also indicated by a hardness drop from 30 to 240 s Pt. The WQ 
and IBH samples with a 30 s hold time had relatively the same NVL values which were less than the 
Q&P conditions with a 30 s partitioning time. The WQ and IBH 30 s samples did not show significant 
carbide formation while the Q&P 30 s Pt condition exhibited significant carbide formation as shown in 
the micrographs in Figures 4.4a and b, Figures 4.5a and b, and Figures 4.9a and b. This data suggest that 
the presence of carbides decreases the wear resistance in the Abrasive grade. For the 240 and 900 s hold 
times, the IBH had a greater NVL than the Q&P. Abrasive steel with an IBH processing history had 
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coarser carbides while the Q&P had finer carbides which have a lower NVL therefore finer carbides 
maybe more beneficial for wear resistance.  
     
                                                (a)                                                                               (b) 
     
                                                (c)                                                                               (d) 
Figure 4.18 DSRW Results for all heat treated materials including WQ as a function of hardness (a) 
Abrasive, Armor, and 9260 combined; (b) Abrasive; (c) Armor; (d) 9260.  
 
Comparable NVL values were obtained for the IBH and Q&P treatments for the same holding 
times in the Armor grade. The WQ and 30 s hold times had martensitic microstructures with a small 
amount of carbides. The NVL increased greatly with hold time from 30 to 240 s. A significant hardness 
decrease was observed with increasing hold times beyond 30 s along with a reduction in austenite 
fractions for the Q&P samples. The 240 and 900 s hold times had similar NVL with the 900 s having 
slightly more NVL than the 240 s. There was not a significant difference in hardness between the IBH 
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and Q&P at the same hold time. These conditions also appeared to have similar amounts of carbides and 
carbide morphology. These data support the Abrasive data by having the similar trend that as carbides 
begin to form and coarsen the NVL increases (decreasing wear resistance). 
 
     
                                                (a)                                                                               (b)  
     
                                                (c)                                                                               (d) 
Figure 4.19 DSRW NVL vs. Hold Time for all WQ, IBH, and Q&P materials. (a) Abrasive, Armor, 
and 9260 combined (Uncertainty bars were omitted for readability); (b) Abrasive; (c) 
Armor; (d) 9260. 
 
The 9260 grade (Figure 4.19d) followed the same trend as the Abrasive and Armor grades where 
after the 30 s hold time the 240 and 900 s hold times had higher NVL values albeit at lower levels than for 
the other two steels in particular for the Q&P treatments. The 9260 IBH conditions had the greatest NVL 
Abrasive 
9260 Armor 
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for the 9260 likely due to pearlite formation and lower hardness. The formation of pearlite occurred 
because the cooling rate was not fast enough for the hardenability alloying levels of the steel. 
It is of interest to note that the Armor grade has a primarily martensitic microstructure for these 
conditions while the 9260 grade is fully martensitic for the WQ and contains pearlite in the IBH, perhaps 
giving rise to lower wear resistance. Even though pearlite is beneficial at lower hardnesses this does not 
hold true for higher hardness materials containing martensite and RA [19]. For the 240 and 900 s hold 
times the 9260 grade had a lower NVL than the other materials. Trends observed in each material are 
discussed in more detail in the following sections. 
To further analyze the microstructural dependence of wear resistance in austenite containing plate 
steels, the wear data were grouped according to the primary microstructural features, as defined 
previously in Table 4.3, and plotted as a function of hardness in Figures 4.20 through 4.24. The relevant 
microstructural features were identified as pearlite, bainite, tempered martensite, (untempered) martensite, 
retained austenite, and Q&P microstructures. The DSRW data for the conditions that had large amounts 
of pearlite are shown in Figure 4.20. Pearlite has a deleterious effect on DSRW resistance at higher 
hardness [4]. The 9260 IBH conditions shown in Figure 4.20b had large amounts of pearlite along with, 
bainite, martensite, and RA. When comparing those conditions along with the Abrasive, Armor and 9260 
as-received conditions that had pearlite, the NVL appears to decrease with increasing hardness level. 
There were three data points near 31 HRC with various levels of RA shown in Figure 4.20b. This figure 
appears to show an increase in the wear resistance with increased levels of RA. It should be noted that this 
microstructure was not the main focus of this study and therefore only a limited data on microstructures 
containing pearlite are available here.  
The DSRW data for the conditions with predominately bainitic microstructures are shown in 
Figure 4.21. The NVL of the bainitic structures decreases with increasing hardness levels with a R
2
 value 
of 0.85. The spread of the data may be due to the presence of RA also plotted on Figure 4.21 on the right 
hand side y axis. The NVL values of bainite containing materials exhibiting a hardness of 32 ± 1 HRC as 
a function of volume fraction of RA are shown in Figure 4.21b. An increase in RA decreases the NVL 
showing an increase in wear resistance for this fixed hardness level. 
The DSRW data for the conditions that predominately consisted of tempered martensite are 
shown in Figure 4.22. The majority of the Abrasive heat treated conditions yielded tempered martensite 
as shown in Figure 4.9 since carbide formation likely cementite was insufficiently suppressed during IBH 
and Q&P heat treatments. The Abrasive data are concentrated around 41 HRC and with an R
2
 value of 
0.92 showing a decrease in NVL with increasing hardness. 
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                                                (a)                                                                               (b) 
Figure 4.20 (a) DSRW NVL (filled symbols) vs. Hardness and Volume Fraction of RA (open 
symbols) for the microstructures consisting of large amounts of pearlite, bainite, 
martensite, and RA; (b) NVL as a function of RA for a fixed hardness of 31 HRC. 
 
     
                                                (a)                                                                               (b) 
Figure 4.21 (a) DSRW NVL (filled symbols) vs. HRC and Volume Fraction of RA (open symbols) 
for microstructures containing large amounts of Bainite; (b) Bainitic materials for a fixed 
hardness of 32 HRC. 
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Figure 4.22 DSRW NVL vs. HRC for microstructures composed primarily of tempered martensite at 
41 ± 2 HRC. 
 
The DSRW data as a function of hardness and C content for the untempered martensitic 
microstructures produced by full austenization and water quenching are shown in Figure 4.23. Hardness 
increases with increasing C content and HRC dependence of C content is in reasonable agreement with 
literature data [42]. The fully martensitic materials show less DSRW NVL with increasing hardness and C 
content, in agreement with literature as previously discussed in Section 2.5.1.  
     
                                           (a)                                                                                   (b) 
Figure 4.23 Hardness and DSRW NVL for the fully martensitic materials. (a) Hardness as a function 
of C content data obtained in present work (diamonds, solid line) and literature data [41] 
(circles, dashed line); (b) DSRW NVL as a function of hardness (filled diamonds) and C 
content (open circles). 
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The DSRW data as a function of hardness and RA for the Q&P heat treated microstructures are 
shown in Figure 4.24.  
 
                                                                                     (a) 
     
                                                (b)                                                                               (c) 
Figure 4.24 (a) DSRW NVL (filled symbols) vs. Hardness and RA (open symbols) for 
microstructures consisting of Q&P features (b)NVL as a function of RA for a fixed 
hardness of 39 HRC; (c)NVL as a function of RA for a fixed hardness of 61 HRC. 
 
It should be noted that FESEM was only conducted for the calculated optimum quench 
temperature for the Abrasive, Armor, and 9260 steels. As mentioned earlier the Q&P heat treated 
Abrasive microstructures consisted of tempered martensite and are not included in the data here. 
Additional FESEM was conducted for the 9260 Q&P with Pt of 30 s for all studied quench temperatures. 
All Armor and 9260 Q&P steel data are included here and varying levels of “fresh” martensite formed 
during final quenching may be present. Figure 4.24a shows generally decreasing NVL with increased 
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hardness and two similar hardness levels namely 39 ± 3 and 61 ± 2 can be identified. Therefore the 
DSRW data for the Q&P microstructures were plotted at both of these hardness levels in Figures 4.24b 
and c, respectively as a function of RA vol pct. The slope of the 39 HRC group was -0.72 and in 
comparison the bainitic slope for the 39 HRC group was -0.84 shown in Figure 4.21b. Figure 4.24b shows 
two groups of data points, corresponding to the Armor and 9260 grades. The Armor group shows a higher 
NVL than the 9260 steel group, likely due to the lower austenite levels and perhaps due to the presence of 
coarse carbide formation in the Armor grade shown in Figure 4.10. The 9260 grade had considerably less 
carbides than the Armor from FESEM observation as shown in Figure 4.10 and Figure 4.11 and RA 
regions are clearly present. The data of the higher hardness level 61 ± 1 HRC are shown in Figure 4.24c. 
All data were obtained for 30 s partitioning treatments. The Armor FESEM micrographs exhibit a more 
uniform etching response than the 9260 samples, which may relate to the increased NVL. This figure 
shows that the Armor grade group has a lower NVL than the 9260 group with a few points difference in 
hardness and comparably lower austenite fractions. 
 DSRW RESULTS FOR AUSTENITIC HADFILED AND 301 STAINLESS STEELS 4.5.4
DSRW data for the fully austenitic steels are shown in Figure 4.25. The two steels that were 
studied were 301SS and Hadfield steels with varying thickness and same composition. The 301SS has a 
significantly higher NVL than the Hadfield steels. The Hadfield steels contained more alloying additions 
in particular carbon and manganese than the 301SS. The properties of the Hadfield steel including grain 
size, hardness, and wear resistance are reported in Table 4.4.  
     
                                                   (a)                                                                               (b) 
Figure 4.25 (a) DSRW NVL vs. Hardness for the fully austenitic materials, (b) DSRW NVL vs. 
Hardness for fully austenitic and Q&P materials with 60 HRC. 
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HF1  4.8 146.4 ± 17.9 95.1 ± 0.6 231.3 ± 13.0 0.51 ± 0.03 
HF2 15.9 32.5 ± 1.3 97.4 ± 0.5 258.8 ± 12.6 0.63 ± 0.01 
HF3 19.1 98.3 ± 13.0 86.3 ± 0.9 198.8 ± 5.8 0.58 ± 0.04 
 
 
The DSRW data do not correlate well with hardness, however a pronounced dependence with 
grain size seems to exist as shown in Figure 4.26. The wear resistance increases with increasing grain 
size. 
 
Figure 4.26 DSRW data for Hadfield steels as a function of grain size.  
 
Rockwell hardness measurements were taken on the wear surface after testing and tabulated in 
Table 4.5. A significant increase was seen in the 301SS and Hadfield steels. It should be noted that the 
wear surface was not ideal for Rockwell measurements, but it should also be noted that the wear surface 
morphology would give lower hardness reading due to the morphology of the surface. As the indenter 
penetrated the surface it would first deform the ridges and plow marks left from the wear test as discussed 
later in Section 4.5.6. Therefore since greater hardness measurements were observed, the stainless and the 
Hadfield appeared to work harden during wear testing with the Hadfield steels showing the most 
hardening. As shown in Figure 4.25b, the 9260 Q&P materials have the same NVL as the Hadfield steels 
while the Armor Q&P have a lower NVL than the Hadfield steels.  
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Table 4.5 – Hardness Results before and after DSRW for Austenitic Steels. 
Material Prior  DSRW  
 Hardness Scale Hardness Scale 
301SS 85.3 ± 0.4 HRB 90.1  ±  0.6 HRB 
HF1 95.1 ± 0.6 HRB 25.3  ±  0.4 HRC 
HF2 97.4 ± 0.5 HRB 21.4  ±  0.6 HRC 
HF3 86.3 ± 0.9 HRB 95.0  ±  0.6 HRB 
 
 
 REATINED AUSTENITE EFFECTS ON DSRW WEAR 4.5.5
Finally all of the materials containing RA were plotted for various fixed hardness levels to 
investigate the effect of RA on wear resistance. Literature on the effect of retained austenite on wear 
resistance was discussed in Chapter 2. The experimental matrix produced 4 sets of materials with similar 
hardness levels namely 36 ± 1, 40 ± 2, 50 ± 1, and 61 ± 2 HRC and varying levels of RA. The DSRW 
results for a fixed hardness of 36 ± 1 HRC are shown in Figure 4.27a as a function of RA. An R
2
 value of 
0.96 and a line of best fit slope of -0.98 were observed for this hardness level. The DSRW results for the 
fixed hardness of 40 ± 2 HRC with various levels of RA is shown in Figure 4.27b. An R
2
 value of 0.87 
and a line of best fit slope of -0.81 were observed for this hardness level. Both the 36 and 40 HRC trend 
lines show that as the level of RA is increased the wear resistance is increased because the normalized 
wear loss decreases. The DSRW results for a fixed hardness of 61 ± 2 HRC with various levels of RA is 
shown in Figure 4.27d. The Armor shows the greatest wear resistance at this hardness level and the values 
appear independent of austenite level. WQ and IBH samples with lower austenite levels exhibit similar 
wear than the Q&P samples with greater austenite fractions. Austenite levels stabilized by Q&P in the 
9260 steel appear more beneficial since a significant reduction in NVL is observed compared to a Q&T 
sample. Tempering was conducted at 350 °C for 2700 s to reduce the hardness of a WQ sample from 66 
to approximately 61 HRC levels to make comparison at a fixed hardness level possible. It should be 
recognized that, although the 9260 samples exhibiting less wear contain significant RA levels, the wear 
resistance does not seem to be very dependent on RA levels and the greater wear resistance compared to 
the Q&T steel may result from differences in the “matrix” microstructure namely tempered martensite for 
Q&T with carbides, and Q&P martensite with likely less carbides. Although the details are not clear, it is 
important to point out that the Q&P microstructure exhibits less wear than the Q&T sample for this 
composition and a similar hardness level of 60 HRC. 
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                                                    (a)                                                                             (b) 
     
                                                     (c)                                                                          (d) 
Figure 4.27 DSRW NVL Results for all the materials in the experimental matrix containing RA and 
hardness levels of (a) 36 ± 1 HRC, (b) 40 ± 2 HRC, (c) 50 ± 1 HRC, and (d) 61 ± 2 HRC.  
 
In order to further investigate RA effects on wear, RA measurements before (RAi) and after (RAf) 
DSRW testing were conducted and the results are shown in Table 4.6. The Armor had a negligible 
amount of RA measured after testing indicating that austenite transformation has occurred. The 9260 
samples also showed decreasing RA after testing albeit to measurable levels. The decrease in RA after 
DSRW tests is shown in Figure 4.28 and suggests that the RA may have transformed to martensite via the 
TRIP effect. RA decreases from 38 to 85 pct were observed. There does not seem to be a direct 
correlation between DSRW data and the degree of austenite transformation. 
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Figure 4.28 The decrease of RA after DSRW tests and DSRW NVL as a function of holding and 
quench temperature for 9260 samples. 
 
Two conditions of the heat treated 9260 steel were cryogenically treated to transform some of the 
RA into fresh martensite to investigate the effects of freshly transformed martensite on wear resistance. 
An IBH at 400 °C for 240 s and a Q&P with a quench temperature of 190 °C and partitioned at 400 °C for 
240 s were selected as heat treating conditions resulting in 26 and 25 vol pct RA respectively as shown in 
Table 4.7. RA levels following cryogenic quenching and holding for 3600 s reduced RA levels to 19 and 
23 pct respectively. The higher carbon content and greater austenite fineness in the Q&P austenite 
suppressed martensite formation better than in the IBH samples. 
Table 4.7 – Cryogenic Quench Study Results. 
Material RHT QT PT Pt Hardness RAi RAf C Content Wear Resistance 
 (°C) (°C) (°C) (s) HRC vol pct vol pct wt pct NVL 
9260 
IBH 
860 - 400 240 
240, CQ 
31.7 ± 0.9 







1.00 ± 0.04 
1.07 ± 0.03 
9260 
Q&P 
860 190 400 240 
240, CQ 
38.8 ± 0.4 







0.87 ± 0.02 
1.03 ± 0.03 
 
  
The DSRW normalized volume loss (NVL) results for the present work are shown in Figure 4.29. 
Both CQ conditions had higher NVL. The Q&P and Q&P CQ both had the same hardness. When plotted 
on the previous Figure 4.27b, it is apparent that the CQ conditions have higher NVL which is 
representative of a lower wear resistance and the wear resistance of the Q&P steel was most affected by 
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the cryogenic quench. The RAf is the measured amount of RA after a wear test via XRD as described in 
Section 3.4.3. It should be noted that the Q&P had significantly higher levels of RA after the DSRW test. 
     
                                                   (a)                                                                               (b) 
Figure 4.29 DSRW data for Cryo Quench Study as a function of RA (a) CQ conditions, (b) CQ 
conditions plotted with 40 HRC materials  
 
 SEM INVESTIGATION OF DSRW WEAR SURFACES 4.5.6
The selected conditions for DSRW wear testing surface analysis by SEM are shown in Table 4.8. 
Table 4.8 – Select Conditions for SEM Investigation of DSRW Wear Tested Samples. 
Material RHT QT PT Pt Prior  RA C Content Wear Resistance 
 (°C) (°C) (°C) (s) Hardness Scale pct wt pct NVL 
AR400F As-Received  - 40.3 ± 0.9 HRC - - 1.00 ± 0.08 
Abrasive As-Received   24.0 ± 0.2 HRC - - 1.30 ± 0.03 
Armor As-Received   31.8 ± 0.5 HRC - - 1.14 ± 0.02 
9260 As-Received   28.6 ± 0.7 HRC - - 1.02 ± 0.02 
    Q&T 59.3 ± 0.1 HRC - - 0.83 ± 0.02 
 
860 190 400 30 
240 
60.2 ± 1.0 







0.57 ± 0.06 
0.87 ± 0.02 
301SS As-Received  - 85.3 ± 0.4 HRB 93.7 - 1.68 ± 0.05 
HF3 As-Received  - 86.3 ± 0.9 HRB 100 - 0.58 ± 0.04 
 
 
The DSRW wear surfaces of the as-received AR400F, 9260, Abrasive, and Armor steels are 
shown in Figure 4.30 and these materials rank as follows based on DSRW wear: NVLAR400F < NVL9260 < 
NVLArmor < NVLAbrasive. The bright white regions particularly visible in Figures 4.31c and d, are 
embedded sand and were confirmed by energy dispersive x-ray spectroscopy (EDS). Scratches are 
observed in all micrographs resulting from the plowing mechanism and the degree of scratching seems to 
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increase with decreasing hardness. Gouging is also observed. The plowing wear mechanism is described 
in Section 2.3.  
     
                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure 4.30 SEM Micrographs of DSRW wear surfaces of as-received materials organized by 
increasing NVL (a) AR400F (40 HRC), (b) 9260 (29 HRC), (c) Armor (32 HRC), (d) 
Abrasive (24 HRC). The bright white regions are embedded sand. 
 
Materials with greater wear resistance have smoother surfaces. The micrographs suggest that the 
as-received AR400F and 9260 undergo wear through the plowing mechanism while the Abrasive and 
Armor seem to experience wear due to plowing and micro-chipping as discussed in Section 2.3. The 
addition of the micro-chipping seems to qualitatively show that the Armor and Abrasive as-received 
materials have a lower wear resistance than the AR400F and 9260. This is quantitatively confirmed with 
the NVL of the materials shown in Table 4.5 and Figure 4.17. The plowing mechanism yields lower 
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volume losses because the material deforms whereas micro-chipping potentially removes material and 
generates debris at the surface which can then increase volume loss by becoming part of the abrasive 
media. 
DSRW wear surfaces of austenitic materials HF3 and 301SS are shown in Figure 4.31. The 
Hadfield steel had a higher wear resistance than the AR400F which had a higher wear resistance than the 
301SS as shown in Table 4.5 and Figure 4.18. The Hadfield sample had a smooth surface with continuous 
grooves from the sand. The 301SS also had a smooth surface without pitting but the grooves from the 
sand appear significantly deeper. Both wear surfaces appear to only show evidence of the plowing wear 
mechanism. The 301SS appeared to have deeper plowing marks and had a significantly lower wear 
resistance than the Hadfield steel. Liu et al. [5] investigated this mechanism and found that the sand 
abrasive penetrates deeper into softer materials and therefore is able to remove more of the material. 
However the Hadfield and 301SS have relatively the same hardness. The different wear performance may 
be related to the ability for the Hadfield to more readily work harden as discussed in Section 0 and shown 
in Table 4.5.  
     
                                          (a)                                                                               (b) 
Figure 4.31 SEM Micrographs of DSRW wear surfaces of fully austenitic materials (a) HF3 and 
(b) 301SS. 
 
Scanning Electron Microscopy (SEM) was also used to investigate the wear surfaces of select 
9260 heat treated samples. The selected conditions were the 9260 Q&T, 9260 Q&P with QT of 190 °C, 
PT of 400 °C and Pt of 30 and 240 s respectively and hardness, RA, and DSRW NVL are shown in 
Table 4.8.  
The 9260 Q&T wear surface was severely pitted from abrasive cutting through the surface 
creating microchips compared to the AR400F and Q&P sample with similar hardness (Figure 4.32c). 
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Some pits appear to have formed from contact with wear debris. The Q&P conditions both have smooth 
surfaces and plowed grooves are apparent. Deeper grooves are observed in the lower hardness Q&P 
which exhibited less wear resistance. Sand is clearly visible in Figure 4.32c. 
 
 
                                                                                   (a)        
     
                                          (b)                                                                               (c) 
Figure 4.32 SEM Micrographs of DSRW wear surfaces of materials (a) 9260 Q&T, (b) 9260 Q&P of 
190 °C, 400 °C for 240 s, and (c) 9260 Q&P of 190 °C, 400 °C for 30 s. The bright white 
regions are embedded sand as confirmed by EDS. 
 
 IMPELLER-TUMBLER IMPACT-ABRASION WEAR TEST RESULTS 4.5.7
In order to determine the volume loss with test time for this wear test set-up, initial testing was 
conducted using AR400F samples. The volume loss was recorded every 300 s for a total time of 1800 s 
and reported in Figure 4.33. A constant volume loss rate was obtained. A constant volume loss rate was 
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obtained. A fixed test time of 1800 s was used for the samples presented in the following and an AR400F 
standard was run every six tests and used to normalize the data.  
 
Figure 4.33 Impeller-tumbler impact-abrasion volume loss through the course of an 1800 s test. 
 
Select conditions used for DSRW testing were also tested using the impeller-tumbler impact-
abrasion (impeller) wear test and the conditions are shown in Table 4.9. 
Table 4.9 – Select Conditions for Impeller Testing. 
Material RHT QT PT Pt Hardness RA C Content Wear Resistance 
 (°C) (°C) (°C) (s) Macro Scale pct wt pct NVL 
AR400F    - 40.3 ± 0.9 HRC - - 1.00 ± 0.08 
9260 860   Q&T 59.3 ± 0.1 HRC - - 0.55 ± 0.04 
 
  400 240 
240,CQ 
31.7 ± 0.9 







0.77 ± 0.03 
0.82 ± 0.04 
 860 150 400 30 59.9 ± 0.6 HRC 16.4 1.13 0.43 ± 0.08 
 
 190 400 30 
240 
240, CQ 
60.2 ± 1.0 
38.8 ± 0.4 










0.37 ± 0.08 
0.73 ± 0.04 
0.76 ± 0.02 
  230 400 30 60.6 ± 0.5 HRC 12.3 1.22 0.39 ± 0.03 
301SS    - 85.3 ± 0.4 HRB 93.7 - 1.33 ± 0.09 
HF3    - 86.3 ± 0.9 HRB 100 - 0.51 ± 0.05 
 
 
The results of the impeller study are reported in Figure 4.34. The wear resistance of the Q&P 
9260 improves with increasing levels of RA in particular at the 40 and 61 HRC hardness levels. This is 
similar to the DSRW tests. These conditions were selected since they allow a study of austenite effects on 
wear for fixed hardness levels of 40 and 60 HRC levels. It should be noted that the 9260 Q&P samples 
exhibiting 60 HRC exhibited some of the best DSRW resistance as shown in Figure 4.24c. Cryogenically 
quenched samples were also included in present study to investigate whether a similar reduction in wear 
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performance was obtained in this wear test method as obtained for DSRW testing shown in Figure 4.29. 
Comparison of wear data using both methods and Bond abrasion testing will be discussed in Section 4.6. 
It is apparent that the cryogenic quench impacted impeller wear resistance less than DSRW wear 
resistance as shown in Table 4.7 and Table 4.9. The difference is most pronounced for the Q&P 240 s Pt 
samples. The IBH condition showed again less wear resistance and the 30 s Pt conditions performed the 
best of the Q&P samples. 
     
                                                  (a)                                                                               (b)       
Figure 4.34 (a) Impeller-Tumbler Impact-Abrasion Results for select 9260 conditions. (b) All 
impeller data with Vickers hardness both as a function of RA. The volume loss of each 
sample was normalized to the volume loss of an AR400F sample.  
 
The results shown in Figure 4.34a at a fixed hardness level of 61 HRC allow for comparison 
between Q&T, with no retained austenite, and Q&P samples with austenite fractions varying from 12 to 
21 pct. The Q&P samples again exhibit better wear resistance and the results seem independent of 
austenite levels comparable to the DSRW trend.  
Wear results for the austenitic materials are added to the data shown in Figure 4.25 and shown in 
Figure 4.34. The 301SS showed the most wear of all tested specimens whereas the Hadfield exhibited 
slightly less NVL than the Q&T 9260 condition. The Q&P conditions resulting in 60 HRC hardness 
showed similar or better impeller wear resistance. This may suggest that strain hardening affects impeller 
wear less than was the case for DSRW wear which is also consistent with the observed hardness 
differences prior and after wear testing. Analysis of wear surfaces was also conducted to further 
investigate the impeller wear mechanism and is presented in the following section. 
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 SEM MICROSGRAPHS OF THE IMPELLER WEAR SURFACES 4.5.8
The selected conditions of impeller wear surface for SEM investigation are shown in Table 4.10 
and the results are shown in Figure 4.35. 
Table 4.10 – Selected Impeller Wear Tested Conditions for SEM Investigation. 
Material RHT QT PT Pt Prior  RA C Content Wear Resistance 
 (°C) (°C) (°C) (s) Hardness Scale pct wt pct NVL 
AR400F    - 40.3 ± 0.9 HRC - - 1.00 ± 0.08 
9260    Q&T 59.3 ± 0.1 HRC - - 0.55 ± 0.04 
 
860 190 400 30 
240 
60.2 ± 1.0 







0.73 ± 0.04 
0.76 ± 0.03 
301SS    - 85.3 ± 0.4 HRB 93.7 - 1.33 ± 0.09 
HF3    - 86.3 ± 0.9 HRB 100  0.51 ± 0.05 
 
 
The impeller wear surfaces appear smooth for materials that had higher wear resistance e.g. 
Figure 4.35. The cutting wear mechanism, described in Section 2.3, appears to have been the predominant 
wear mechanism which seems intuitive since the sample was continually sliding against abrasive. 
Secondary debris seems apparent, and micro-chipping is observed for the samples showing significant 
NVL. The AR400F had a rough impeller wear surface with large pieces of abrasive, confirmed by EDS, 
embedded in the surface. The AR400F appeared to have the most abrasive embedded in the surface. 
Micro-chipping seems to have occurred along with micro-plowing. The 9260 with the 240 s Pt appeared 
to have less abrasive embedded in the surface, less micro-chipping is apparent and parallel grooves are 
observed indicative of micro-cutting. The 9260 steel with the 240 s Pt had the same hardness as the 
AR400F and had 20 vol pct RA. The 9260 Q&T and 9260 Q&P 30 s Pt had smoother surfaces with 
shallower scratches than the AR400F and 9260 Q&P 240 s Pt which likely relates to their hardness 
difference of 20 HRC. The 9260 Q&P 240 s Pt had a significantly smoother surface than the 9260 Q&T. 
More plowing and cutting marks are observed on the 9260 Q&T. Neither condition appeared to have a lot 
of micro-chipping.  
The Hadfield steel had a similar hardness as the 301SS but appears to have readily work hardened 
in the DSRW experiments as discussed in Section 0, and it had a greater impeller wear resistance than the 
301SS which suggests that the Hadfield also work hardened in the impeller tests. Overall the materials 
with greater hardness had shallower plow marks and scratches which align with the trend of increasing 
wear resistance with increased hardness. The HF3 steel showed a fairly smooth surface with some micro-
cutting whereas the wear surface of the 301SS indicates deeper penetration and interaction between 
abrasive and material. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
     
                                          (e)                                                                               (f) 
Figure 4.35 SEM Micrographs of impeller wear surfaces of (a) AR400F, (b) 9260 Q&T, (c) 9260 
Q&P with QT of 190 °C, and partitioning at 400 °C for 240 s, (d) 9260 Q&P with QT of 
190 °C, and partitioning at 400 °C for 30 s (e) HF3, (f) 301SS. 
  95 
 BOND ABRASION TEST RESULTS 4.5.9
Conditions tested using the impeller set-up was also used for Bond abrasion testing and the results are 
shown in Table 4.11. An SAE 4325 material was added since this material is frequently used as grinding 
media material in ball mills in the extractive industry. One sample was provided by Prof. Taylor which 
allowed for two wear tests, since both the top and bottom surface of the sample can be tested 
independently. 
Table 4.11 – Select Conditions for Bond Testing. 
Material RHT QT PT Pt Prior  RA C Content Wear Resistance 
 (°C) (°C) (°C) (s) Hardness Scale pct wt pct NVL 
AR400F As-Received  - 40.3 ± 0.9 HRC - - 1.00 ± 0.08 
9260 860 - - Q&T 59.3 ± 0.1 HRC - - 1.31 ± 0.05 
 
860 - 400 240 
240,CQ 
31.7 ± 0.9 







1.16 ± 0.06 
1.20 ± 0.13 
 860 150 400 30 59.9 ± 0.6 HRC 16.4 1.13 1.20 ± 0.04 
 
860 190 400 30 
240 
240, CQ 
60.2 ± 1.0 
38.8 ± 0.4 










1.11 ± 0.04 
1.14 ± 0.09 
1.19 ± 0.06 
 860 230 400 30 60.6 ± 0.5 HRC 12.3 1.22 1.08 ± 0.05 
301SS As-Received  - 85.3 ± 0.4 HRB 93.7 - 1.12 ± 0.07 
HF3 As-Received  - 86.3 ± 0.9 HRB 100 - 0.96 ± 0.07 
SAE 4325 As-Received  - 50.0 ± 0.4 HRC NA NA 1.17 ± 0.05 
 
 
The results of the Bond Abrasion tests are plotted in Figure 4.36 as a function of retained 
austenite fraction. As hardness increases the wear resistance in general decreases for the Bond Abrasion 
Tests which is opposite the trend observed in the DSRW and impeller tests. This is of interest since 
literature frequently reports increased wear resistance with increased hardness. As shown in Figure 4.36 
the reference AR400F performed better than all other investigated samples including the SAE 4325 
material and 60 HRC Q&P samples. The HF3 material showed slightly less NVL than the AR400F and 
performed much better than the Q&P samples. The 301 SS also showed fairly good performance which is 
in contrast to its performance in the other wear tests. The 9260 Q&T material showed the most wear. It is 
interesting to note that this material with a hardness of about 59 HRC showed more NVL than the SAE 
4325 which is also a Q&T material with a hardness of 50 HRC. The even softer AR400F martensitic 
material with a hardness of 40 HRC shows less NVL. This again illustrates the trend of increased wear 
resistance with decreasing hardness.  
Since the Bond abrasion test results in high impact wear, the effect of the test on the hardening of 
the material through the sample thickness was assessed by Vickers hardness testing using a 0.5 mm 
distance between indents. Vickers traverses are shown in Figure 4.37. The Vickers traverses show that the 
fully austenitic materials had a significant hardness increase at the wear surface, shown in Figure 4.37a, 
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while the other conditions did not undergo as pronounced an increase as shown in Figure 4.37b. 
As-received hardness are shown in parentheses in Figure 4.7a and hardness increases are observed for all 
steels with the HF3 and 301SS showing the greatest hardness increases of approximately 300 HV1 and 
100 HV1 respectively 
 
 
Figure 4.36 Bond Abrasion NVL results as a function of RA.  
 
     
                                                      (a)                                                                      (b) 
Figure 4.37 Hardness traverses starting from the wear surface (a) As-received materials, (b) 
Cryogenic treatment materials. 
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The AR400F exhibited less than a 50 HV1 hardness increase at the wear surface. The Q&P at 39 
HRC had a hardness increase of around 20 HV1 points. While the IBH had hardness increases over 30 
HV1. The materials from the cryogenic treatment study had slight hardening at the wear surface on the 
order of 15 HV1 points. 
 SEM MICROGRAPHS OF BOND WEAR SURFACES 4.5.10
The selected conditions for Bond wear surface SEM analysis are shown in Table 4.12. These 
were the same conditions as investigated in the DSRW and impeller wear surface SEM characterization in 
addition to the SAE 4325 material. 
Table 4.12 – Selected Bond Conditions for SEM Investigation. 
Material RHT QT PT Pt Prior  RA C Content Wear Resistance 
 (°C) (°C) (°C) (s) Hardness Scale pct wt pct NVL 
AR400F As-Received  - 40.3 ± 0.9 HRC - - 1.00 ± 0.08 
9260 860   Q&T 59.3 ± 0.1 HRC - - 1.31 ± 0.05 
 
860 190 400 30 
240 
60.2 ± 1.0 







1.11 ± 0.04 
1.14 ± 0.09 
301SS As-Received  - 85.3 ± 0.4 HRB 93.7 - 1.12 ± 0.07 
HF3 As-Received  - 86.3 ± 0.9 HRB 100 - 0.96 ± 0.07 
SAE 4325 As-Received  - 50.0 ± 0.4 HRC NA NA 1.17 ± 0.05 
 
 
The SAE 4325 wear surface shows the embedded abrasive in both a secondary image and a 
backscattered electron image shown in Figure 4.38. All the Bond wear surfaces had abrasive embedded in 
the surface shown as dark regions in backscatter imaging mode and confirmed by EDS. The selected 
condition’s wear surfaces of the  ond samples are shown in Figure 4.39. The wear surfaces have a much 
different appearance than the impeller and DSRW wear surfaces. The wear surfaces of all conditions 
appear to have microchips caused by local fracture and spalling via the fragmentation wear mechanism, 
described in Section 2.3. Grooves were not always observed; for example the AR400F wear surface 
which showed some of the best wear performance, shows limited grooves and fragmentation may be the 
dominant mechanism. The Hadfield steel shows some grooves in addition to features that appear to be 
ductile voids. The AR400F appears to have a smaller prior austenite grain size than the SAE 4325 as seen 
in Section 4.2.1in Figure 4.2. The AR400F also appeared to exhibit smaller spalling marks. The 9260 
Q&P with QT 190 °C and Pt 240 s and 9260 Q&T appear to have the most abrasive penetration and large 
sections of material seem to have been removed.  
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                                          (a)                                                                               (b) 
Figure 4.38 SEM Micrographs of Bond wear surface of SAE 4325 (a) Secondary: The bright white 
regions are embedded abrasive, (b) Backscatter, the dark regions are embedded abrasive.  
 
The 9260 Q&P 190 °C Pt 30 s shows spalling but appears to be shallower than the 9260 Q&T. It 
should be noted that the 9260 conditions containing RA investigated by SEM all showed similar NVL 
and their corresponding SEM micrographs look similar with large areas of material removed by the 
fragmentation mechanism. The 301SS was quantitatively observed to have the most abrasive embedded in 
the surface with smaller spalling marks compared to the 9260 conditions. 
Figure 4.40, appears to show a triple point observed on the wear surface of the Hadfield steel. The 
fracture surface around the triple point is approximately the grain size (98 micron) of the Hadfield steel. 
This is consistent with the grain size presented in Section 0, Table 4.4. 
4.6 WEAR TEST METHOD COMPARISION FOR 9260 HEAT TREATED SAMPLES 
Comparison of DSRW, impeller, Bond wear NVL at various hardness levels are tabulated in 
Table 4.13 and results are shown in Figure 4.41 for fixed hardness levels of 32, 40, and 60 HRC 
respectively for the 9260 heat treated samples. For each of the wear test methods the 9260 showed an 
increase in wear resistance with increasing levels of RA. In general greatest NVL is obtained by Bond 
testing, followed by DSRW and impeller for the testing conditions including test times employed. This 
trend was observed for each hardness level. Reduced NVL is observed with increased hardness level for 
DSRW and impeller testing. This was not observed for Bond wear testing; rather the 40 HRC reference 
material outperformed the 60 HRC materials. It should be recognized that these hardness and retained 
austenite levels were obtained in a variety of complex microstructures and caution is warranted to 
generalize these conclusions beyond present work. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
     
                                          (e)                                                                               (f) 
Figure 4.39 SEM Micrographs of Bond wear surfaces of (a) AR400F, (b) 9260 Q&T, (c) 9260 Q&P 
QT of 190 °C, PT of 400 °C for 240 s, (d) 9260 Q&P QT of 190 °C, PT of 400 °C for 
30 s (e) HF3, (f) 301SS. The bright white regions are embedded abrasive. 
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Figure 4.40 SEM Micrograph of a Bond wear surface of a Hadfield steel sample.  
 
Table 4.13 – NVL Results for Wear Test Method Comparison. 
Material RHT QT PT Pt Hardness RA DSRW Impeller Bond  
 (°C) (°C) (°C) (s) (HRC) Pct (NVL) (NVL) (NVL)  
AR400F    - 40.3 ± 0.9 - 1.00 ± 0.08 1.00 ± 0.08 1.00 ± 0.08  
9260    Q&T 59.3 ± 0.1 - 0.83 ± 0.02 0.55 ± 0.04 1.31 ± 0.05  
 
860 - 400 240 
240, CQ 
31.7 ± 0.9 
39.4 ± 0.5 
25.9 
18.6 
0.99 ± 0.04 
1.07 ± 0.03 
0.77 ± 0.03 
0.82 ± 0.04 
1.16 ± 0.06 
1.20 ± 0.13 
 
 860 150 400 30 59.9 ± 0.6 16.4 0.51 ± 0.06 0.43 ± 0.08 1.20 ± 0.04  
 
860 190 400 30 
240 
240, CQ 
60.2 ± 1.0 
38.8 ± 0.4 




0.57 ± 0.04 
0.87 ± 0.02 
1.03 ± 0.03 
0.37 ± 0.08 
0.73 ± 0.04 
0.76 ± 0.02 
1.11 ± 0.04 
1.14 ± 0.09 
1.19 ± 0.06 
 
 860 230 400 30 60.6 ± 0.5 12.3 0.56 ± 0.07 0.39 ± 0.03 1.08 ± 0.05  
 
 
The comparative results at 31 HRC for each wear method are shown in Figure 4.41a. Samples 
were produced by IBH for 240 s and the microstructures hence contain pearlite as shown in Figure 4.7. 
The 31 HRC Bond wear NVL was about 16 pct greater than the reference AR400F. The 31 HRC DSRW 
had the same wear resistance as the standard which was 9 HRC harder. This effect may be due to the 25 
RA pct present in the heat treated sample since significant hardness increases are measured following 
DSRW testing suggesting strain hardening potentially though the TRIP mechanism. This sample 
exhibited 27 pct less wear than the reference standard was observed for the impeller test.  
The comparative results at 40 HRC for each wear method are shown in Figure 4.41b. The Bond 
samples all had a lower wear resistance but showed an increase in wear resistance with increasing levels 
of RA. The DSRW NVL values that are above the line are the samples that were cryogenically quenched. 
The DSRW NVL value below the line is the Q&P condition prior to cryogenic treatment; this shows that 
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the “fresh” martensite decreases wear resistance. This trend was most pronounced in the DSRW wear test 
where the difference in wear resistance of the Q&P and Q&P CQ was 20 pct while the Bond was 5 pct. 




                                                                                          (a) 
     
                                                    (b)                                                                        (c) 
Figure 4.41 Wear Method Comparison for Select 9260 Conditions at different hardness levels 
(a) 32 HRC (b) 40 HRC, (c) 60 HRC. 
 
The comparative results at 60 HRC for each wear method are shown in Figure 4.41c. All the 
materials showed the same trend namely that the RA containing samples showed less wear than the 
material without RA. The latter samples were produced by austenitization, water quenching and 
tempering to a hardness of 60 HRC whereas the austenite containing samples are Q&P heat treated using 
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varying quench temperatures and a fixed partitioning condition. The test matrix hence allows for a 
comparison of wear performance between Q&T and Q&P heat treated material of the same composition 
and similar hardness levels and the data shows less wear for the Q&P samples. 
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 CONCLUSIONS CHAPTER 5 :
The microstructural dependence of wear resistance of plate steels containing retained austenite 
was investigated. Three alloys, Abrasive, Armor, and 9260 were heat treated using Isothermal Bainitic 
Holding (IBH) and Quenching & Partitioning (Q&P) to stabilize retained austenite. Fully austenitic 
Hadfield and 301 stainless steels were also investigated. Wear testing was conducted using Dry Sand 
Rubber Wheel (DSRW), impeller-tumbler-impact abrasion (impeller) and Bond abrasion. All measured 
wear volume losses were normalized to the wear volume loss of an AR400F steel with a hardness of 40 
HRC tested using the same test parameters. The main conclusions of the present work are as follows: 
 
 Greatest retained austenite levels were obtained in the 9260 steel followed by the Armor 
alloy. No significant levels of austenite were obtained in the Abrasive steel likely due to 
insufficient silicon alloying. 
 
 DSRW normalized volume loss (NVL) values were found to decrease with increased 
hardness. At constant hardness levels of approximately 30, 36 and 40 HRC, the DSRW 
wear data suggest decreasing wear with increased retained austenite levels. This trend 
was however not observed at greater constant hardness levels of 50 and 60 HRC. 
Retained austenite transformation following DSRW testing was measured using X-ray 
diffraction. Armor and 9260 Q&P heat treated samples with a Hardness of approximately 
61 HRC exhibited similar or less DSRW wear than the Hadfield steels. 
 
The behavior of select 9260 heat treated samples exhibiting hardness levels of 32, 40, and 60 
HRC and different amounts of retained austenite was assessed through DSRW, impeller, and Bond 
abrasion wear testing and the following observations were made: 
 
 In general, wear decreased with increased hardness for DSRW and impeller testing 
whereas this was not the case for the Bond abrasion, rather some of the best wear 
resistance was observed in the 40 HRC reference material. At a constant hardness level of 
40 HRC, the normalized volume loss for all three wear testing methods decreased with 
increased retained austenite with the DSRW data being more sensitive than the impeller 
results. The Bond abrasion wear data show the least sensitivity to austenite fractions at 
this hardness level. 
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 9260 Q&P samples exhibit less DSRW, impeller and Bond abrasion wear than Q&T 
samples at a similar hardness level of 60 HRC. Some Armor and 9260 Q&P samples with 
a hardness level of approximately 60 HRC exhibit similar or reduced DSRW and 
impeller wear than the Hadfield steels. In contrast, the Hadfield steels showed the 
greatest Bond abrasion resistance of all tested materials. 
 
 Scanning Electron Microscopy analysis of the wear surfaces indicates that the DSRW 
samples appear to undergo wear via the plowing wear mechanism, the impeller samples 
via the cutting mechanism, whereas the Bond samples appear to exhibit wear via the 
fragmentation mechanism. 
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 APPENDIX A: HARDNESS DATA 
Hardness measurements are shown in Figure A.1, Table A.1 and A.2. 
     
                                     (a)                                                                 (b) 
     
                                     (c)                                                                 (d) 
     
                                     (e)                                                                 (f) 
Figure A.1 Average Rockwell and Vickers hardness results as a function of isothermal holding 
temperature (a,b) Abrasive, (c,d) Armor, (e,f) 9260. 
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 860 - - WQ 49.1 ± 0.4 HRC 527.4  ±  9.9 
 
 




49.7 ± 0.4 
35.2 ± 0.7 




455.3  ±  5.7 
358.3  ±  0.9 









41.3 ± 0.2 




436.2  ±  4.6 
425.2  ±  1.9 
418.4  ±  1.9 
 
 




42.6 ± 0.3 
41.3 ± 0.1 




431.1  ±  5.4 
419.7  ±  0.7 
411.0  ±  3.9 
 
 




41.2 ± 0.4 
40.7 ± 0.3 




433.0  ±  4.8 
426.9  ±  2.7 
414.5  ±  1.4 
 860 - - WQ 62.7 ± 0.5 HRC 718.6  ±  8.5 
 
 




62.3 ± 0.4 
39.3 ± 0.6 




682.1  ±  4.8 
402.2  ±  4.7 








62.7 ± 0.3 
41.0 ± 0.7 




694.8  ±  5.6 
422.9  ±  2.5 
413.1  ±  2.9 
 
 




62.5 ± 0.3 
41.3 ± 0.2 




727.8  ±  7.2 
372.7  ±  3.5 
373.5  ±  1.6 
 
 




61.9 ± 0.6 
39.4 ± 0.4 




705.1  ±  3.6 
393.8  ±  4.9 
388.1  ±  4.6 
 860 - - WQ 65.6 ± 0.5 HRC 813.6  ±  8.2 
 
 




50.6 ± 0.4 
31.7 ± 0.9 




580.9  ±  8.7 
366.0  ±  4.6 








59.9 ± 0.6 
39.2 ± 0.9 




648.8 ± 12.6 
398.2  ±  8.6 
375.3  ±  4.4 
 
 




60.2 ± 1.0 
38.8 ± 0.4 




706.2  ±  5.0 
409.4  ±  2.9 
397.4  ±  7.8 
 
 




60.6 ± 0.5 
39.6 ± 0.2 




638.8  ±  7.3 
423.4  ±  5.0 
422.8  ±  3.3 
AR400F - - - - 40.3 ± 0.9 HRC 423.8  ±  3.9 
SAE 4325 - - - - 50.0 ± 0.4 HRC 529.5  ±  8.8 
301SS - - - - 85.3 ± 0.4 HRB 198.7  ±  6.6 
HF1 - - - - 95.1 ± 0.6 HRB 231.3 ± 13.0 
HF2 - - - - 97.4 ± 0.5 HRB 258.8 ± 12.6 
HF3 - - - - 86.3 ± 0.9 HRB 198.8  ±  5.8 
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Table A.2 – Hardness Results before and after testing for DSRW Test Matrix. 
Material RHT QT PT Pt Prior  DSRW  
 (°C) (°C) (°C) (s) Hardness Scale Hardness Scale 
AR400F    - 40.3 ± 0.9 HRC 43.3  ±  0.4 HRC 
Abrasive As-Received   24.0 ± 0.2 HRC 22.4  ±  0.5 HRC 
 860 - - WQ 49.1 ± 0.4 HRC 50.3  ±  0.3 HRC 
 
860 - 400 30 
240 
900 
49.7 ± 0.4 
35.2 ± 0.7 




49.6  ±  0.2 
37.3  ±  1.0 






860 205 400 30 
240 
900 
42.0 ± 0.9 
41.3 ± 0.2 




43.2  ±  1.5 
42.5  ±  1.2 





860 245 400 30 
240 
900 
42.6 ± 0.3 
41.3 ± 0.1 




44.0  ±  0.2 
42.4  ±  0.7 





860 285 400 30 
240 
900 
41.2 ± 0.4 
40.7 ± 0.3 




42.1  ±  0.6 
39.6  ±  1.1 




Armor As-Received   31.8 ± 0.5 HRC 32.7  ±  0.4 HRC 
 860 - - WQ 62.7 ± 0.5 HRC 58.6  ±  0.1 HRC 
 
860 - 400 30 
240 
900 
62.3 ± 0.4 
39.3 ± 0.6 




58.5  ±  0.4 
40.0  ±  1.1 






860 180 400 30 
240 
900 
62.7 ± 0.3 
41.0 ± 0.7 




59.1  ±  0.3 
41.4  ±  0.5 





860 220 400 30 
240 
900 
62.5 ± 0.3 
41.3 ± 0.2 




59.2  ±  0.3 
40.7  ±  0.7 





860 260 400 30 
240 
900 
61.9 ± 0.6 
39.4 ± 0.4 




58.3  ±  0.5 
41.2  ±  0.9 




9260 As-Received   28.6 ± 0.7 HRC 28.3  ±  0.6 HRC 
 860 - - WQ 65.6 ± 0.5 HRC 57.4  ±  0.5 HRC 
    Q&T 59.3 ± 0.1 HRC 62.8  ±  0.7 HRC 
 




50.6 ± 0.4 
31.7 ± 0.9 
39.4 ± 0.5 





49.9  ±  2.2 
32.6  ±  0.7 
40.4  ±  0.4 







860 150 400 30 
240 
900 
59.9 ± 0.6 
39.2 ± 0.9 




58.2  ±  1.5 
39.5  ±  0.4 









60.2 ± 1.0 
38.8 ± 0.4 
39.2 ± 0.6 





56.1  ±  2.1 
39.5  ±  0.1 
38.0  ±  0.4 






860 230 400 30 
240 
900 
60.6 ± 0.5 
39.6 ± 0.2 




56.6  ±  0.5 
39.4  ±  0.4 




301SS    - 85.3 ± 0.4 HRB 90.1  ±  0.6 HRB 
HF1    - 95.1 ± 0.6 HRB 25.3  ±  0.4 HRC 
HF2    - 97.4 ± 0.5 HRB 21.4  ±  0.6 HRC 
HF3    - 86.3 ± 0.9 HRB 95.0  ±  0.6 HRB 
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 APPENDIX B: MICROGRAPHS 
Supplemental FESEM micrographs are presented in Figure B.1 through B.10. 
     
                                          (a)                                                                                (b) 
     
                                          (c)                                                                                (d) 
Figure B.1 FESEM Micrographs of (a) AR400F as-received (0.14 C), (b) SAE 4325 as-received 
(0.46 C), (c) Armor WQ (0.46 C), and (d) 9260 WQ (0.60 C). Etched with 2 vol pct 
Nital.  
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure B.2 FESEM Micrographs of 9260 IBH 400 °C for 30 s (a) pearlitic region, (b)pearlitic, 
martensitic and austenitic regions, (c) bainitic region, (d) low carbon  region. Etched with 
2 pct Nital. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure B.3 FESEM Micrographs of 9260 IBH 400 °C for 240 and 900 s (a) pearlitic region with RA 
and bainitic regions for the 240 s hold time, (b)pearlitic, bainitic and RA regions for 900 s 
hold time, (c) high carbon bainitic region for 900 s hold time, (d) low carbon bainitic and 
RA regions for 900 s hold time. Etched with 2 pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure B.4 FESEM Micrographs of Abrasive at 400 °C (a,b) Bainitic regions observed in 240 s hold 
time, (c-f) carbides observed in 900 s holding condition. Etched with 2 vol pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure B.5 FESEM Micrographs of Armor at 400 °C for 30 s, (a) non-etched triple point region, 
(b-f) heavily etched regions that may contain carbides or RA. Etched with 2 pct Nital. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure B.6 FESEM Micrographs of Armor IBH 400 °C for 240 and 900 s WQ (a) low carbon 
bainitic region with RA and carbides for the 240 s hold time, (b) high carbon bainitic 
with RA boundary regions and low carbon martensite regions with carbides for the 240 s 
hold time, (c,d) low carbon martensite region with RA and carbides for the 900 s hold 
time. Etched with 2 pct Nital. 
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                                          (a)                                                                                   (b) 
     
                                          (c)                                                                                   (d) 
     
                                             (e)                                                                          (f) 
Figure B.7 FESEM Micrographs of carbides in the Abrasive grade with a quench temperature of 245 
°C and partitioned at 400°C for (a,b) 30 s, (c,d) 240 s, (e,f) 900 s. Etched with 2 pct Nital. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure B.8 FESEM Micrographs of 9260 Q&P with a quench temperature of 190 °C and partitioning 
temperature of 400 °C for 30 s then WQ (a) area of interest in sample (b-d) high carbon 
martensite with RA along the boundary regions and low carbon martensite regions. 
Etched with 2 pct Nital. 
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                                          (a)                                                                               (b) 
     
                                          (c)                                                                               (d) 
Figure B.9 FESEM Micrographs of 9260 Q&P with a quench temperature of 190 °C and partitioning 
temperature of 400 °C for 240 and 900 s then WQ that show long RA regions along the 
boundary regions of low carbon martensite regions (a)for 240 s Pt (b-d)  for 900 s Pt. 
Etched with 2 pct Nital. 
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                                          (a)                                                                               (b) 
Figure B.10 FESEM Micrographs of 9260 IBH at 400 °C for (a) 240 s labeled regions where BF is 
ferritic bainite, M is martensite, P is pearlite, and RA is retained austenite(b)900 s bainitic 
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 APPENDIX C: HEAT TREATMENT IDENTIFIERS FOR RAW DATA 
The alpha-numeric identifiers used for each heat treatment condition are presented in Table C.1.  
Table C.1 – Heat Treatment Identifiers. 
Material RHT QT PT Pt Identifier 
 (°C) (°C) (°C) (s)  
Abrasive As-Received B 
WQ 860 - - WQ B1 
IBH 



























Armor As-Received A 
WQ 860 - - WQ A1 
IBH 



























9260 As-Received C 
WQ 860 - - WQ C1 
Q&T    Q&T C1T 
IBH 
































  122 
 APPENDIX D: DSRW DATA 
Tabulated results of the AR400F temperature study (Figure 3.8) are shown in Table D.1. 




























































































































Tabulated results of the DSRW raw data are shown in Table D.2. 





















1 AR400F 12 353 93.6 1.000 1 
2 C1.1 17 358 57.6 0.616 1 
3 301SS.1 18 345 164.9 1.762 1 
4 A1.1 16 354 33.9 0.362 1 
5 HF1.1 24 352 48.8 0.502 8 
6 B1.1 20 347 53.6 0.552 8 
7 HF2.1 24 356 62.4 0.643 8 
8 AR400F 18 364 97.1 1.000 8 
9 HF3.1 13 360 53.3 0.506 8 
10 B7.1 12 341 121.1 1.150 8 
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11 AR400F 17 346 105.3 1.000 11 
12 A9.1 - 351 106.9 1.015 11 
13 B8.1 - 348 97.7 0.927 11 
14 A12.1 - 357 99.5 0.945 11 
15 C2.1 20 350 59.3 0.925 18 
16 C7.1 15 340 66.8 1.042 18 
17 C11.1 18 358 42.6 0.664 18 
18 AR 400F 12 365 64.1 1.000 18 
19 C6.1 16 353 53.7 0.838 18 
20 C10.1 16 346 60.4 0.942 22 
21 C12.1 20 350 74.5 0.723 22 
22 AR400F 15 346 103.0 1.000 22 
23 A4.1 15 355 122.2 1.187 22 
24 A13.1 14 351 120.5 1.170 22 
25 A6.1 14 360 104.6 1.016 22 
26 C5.1 15 355 50.2 0.470 29 
27 C9.1 15 355 92.2 0.863 29 
28 C4.1 15 351 113.7 1.065 29 
29 AR400F 12 349 106.8 1.000 29 
30 C13.1 14 347 99.5 0.932 29 
31 C3.1 16 348 108.6 1.037 29 
32 C8.1 18 350 58.9 0.562 33 
33 AR400F 18 341 104.7 1.000 33 
34 C6.2 17 352 96.9 0.926 33 
35 C3.2 18 358 107.8 1.030 33 
36 AR400F 20 349 113.6 1.000 36 
37 C2.2 19 347 73.6 0.647 36 
38 C9.2 18 355 98.3 0.865 36 
39 C12.2 22 348 98.5 0.867 41 
40 C7.2 18 344 104.6 0.905 41 
41 AR400F 18 345 115.6 1.000 41 
42 C8.2 20 345 62.5 0.540 41 
43 C4.2 22 343 119.2 1.031 41 
44 C5.2 15 363 51.8 0.447 46 
45 C10.2 15 349 108.1 0.933 46 
46 AR400F 15 356 115.9 1.000 46 
47 C13.2 15 349 107.5 0.927 46 
48 C11.2 13 350 54.3 0.469 46 
49 C1.2 15 356 41.4 0.357 46 
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50 A11.1 17 357 30.3 0.284 53 
51 A5.1 14 354 22.1 0.207 53 
52 A10.1 15 350 123.7 1.158 53 
53 AR400F 15 351 106.8 1.000 53 
54 A7.1 17 351 132.3 1.239 53 
55 A8.1 12 351 22.0 0.206 53 
56 C8.3 18 352 57.8 0.541 58 
57 C4.3 15 357 123.9 1.040 58 
58 AR400F 15 345 119.2 1.000 58 
59 C13.3 16 346 111.4 0.935 58 
60 C6.3 19 339 98.5 0.826 58 
61 C12.3 No Data 339 115.7 0.971 62 
62 AR400F 15 354 99.0 1.000 62 
63 C9.3 19 345 89.7 0.906 62 
64 C5.3 22 345 58.1 0.587 62 
65 C3.3 21 340 97.3 0.984 62 
66 C7.3 20 344 90.8 0.918 62 
67 C10.3 No Data 344 89.6 0.905 70 
68 C1.3 20 353 48.1 0.481 70 
69 C2.3 18 345 68.3 0.683 70 
70 AR400F 15 341 100.0 1.000 70 
71 C11.3 19 345 56.5 0.565 70 
72 C5.4 18 358 54.6 0.546 70 
73 C13.4 No Data 348 89.1 0.811 70 
74 AR400F 18 340 109.9 1.000 74 
75 C10.4 16 351 91.4 0.832 74 
76 C11.4 21 350 59.2 0.539 74 
77 C3.4 15 348 102.0 0.928 74 
78 C2.4 19 390 136.2 1.239 74 
79 AR400F No Data 355 104.5 1.000 79 
80 C12.4 20 352 91.7 0.877 79 
81 C7.4 19 347 93.4 0.894 79 
82 C9.4 19 346 89.5 0.857 79 
83 C1.4 23 342 51.4 0.492 79 
84 C8.4 22 351 64.6 0.643 85 
85 AR400F 14 351 100.5 1.000 85 
86 C4.4 20 346 102.6 1.021 85 
87 C6.4 20 342 87.1 0.866 85 
88 HF1.2 15 356 47.6 0.474 85 
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89 HF1.3 15 349 52.9 0.528 91 
90 HF1.4 20 345 54.6 0.544 91 
91 AR400F 13 348 100.2 1.000 91 
92 HF2.2 17 343 61.7 0.615 91 
93 HF2.3 18 346 62.9 0.627 91 
94 HF2.4 21 358 63.2 0.630 98 
95 HF3.2 20 350 55.6 0.606 98 
96 HF3.3 20 349 55.8 0.607 98 
97 HF3.4 21 350 55.9 0.609 98 
98 AR400F 15 342 91.8 1.000 98 
99 AR400F 15 362 103.2 1.000 99 
100 301SS.2 29 353 166.3 1.612 99 
101 301SS.3 31 351 171.2 1.659 99 
102 301SS.4 33 351 173.4 1.680 99 
103 AR400F 16 363 115.7 1.000 103 
104 AR400F 17 356 93.8 1.000 104 
105 A7.2 16 352 111.8 1.192 104 
106 A11.2 20 337 49.9 0.532 104 
107 A6.2 18 348 99.1 1.057 104 
108 A10.2 17 345 115.3 1.229 104 
109 A12.2 19 347 102.1 1.088 110 
110 AR400F 17 354 107.7 1.000 110 
111 A5.2 18 351 47.3 0.439 110 
112 A8.2 17 355 45.5 0.422 110 
113 A3.1 18 351 98.3 0.913 110 
114 A9.2 15 351 108.4 1.006 116 
115 A4.2 16 350 121.4 1.127 116 
116 AR400F 19 351 111.6 1.000 116 
117 A1.2 18 354 44.6 0.399 116 
118 A2.1 14 351 43.4 0.389 116 
119 A3.2 15 351 104.5 0.937 116 
120 A2.2 18 351 49.1 0.440 122 
121 A13.2 18 353 129.7 1.162 122 
122 AR400F 18 358 111.5 1.000 122 
123 A11.3 21 351 47.6 0.428 122 
124 A8.3 20 358 61.4 0.551 122 
125 A5.3 18 353 51.1 0.458 122 
126 A6.3 17 350 106.4 0.983 128 
127 A2.3 20 351 56.2 0.519 128 
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128 AR400F 17 349 108.3 1.000 128 
129 A12.3 14 344 110.0 1.016 128 
130 A4.3 17 358 111.6 1.010 128 
131 A10.3 19 351 110.0 0.996 133 
132 A13.3 16 350 110.1 0.997 133 
133 AR400F 15 346 110.5 1.000 133 
134 A1.3 18 353 52.4 0.474 133 
135 A5.4 19 350 51.9 0.470 133 
136 A12.4 16 344 108.5 0.982 138 
137 A2.4 20 348 58.6 0.531 138 
138 AR400F 19 362 112.8 1.000 138 
139 A9.3 18 356 108.1 0.958 138 
140 A3.3 17 352 113.5 1.007 138 
141 A7.3 20 356 114.4 1.014 138 
142 A10.4 20 352 112.9 1.009 144 
143 A8.4 19 356 54.2 0.485 144 
144 AR400F 17 354 111.9 1.000 144 
145 A4.4 22 355 115.5 1.033 144 
146 A6.4 21 352 105.0 0.939 144 
147 A9.4 23 353 104.1 0.931 144 
148 A1.4 20 352 52.9 0.473 150 
149 A7.4 21 350 107.7 0.994 150 
150 AR400F 22 350 108.3 1.000 150 
151 A13.4 21 353 108.8 1.004 150 
152 A3.4 17 347 110.4 1.019 150 
153 A11.4 22 350 52.5 0.485 150 
154 B13.1 22 351 124.5 1.174 155 
155 AR400F 22 346 106.0 1.000 155 
156 B5.1 21 346 107.8 1.017 155 
157 B2.1 23 348 80.5 0.759 155 
158 B9.1 23 347 109.5 1.032 155 
159 B4.1 21 347 123.2 1.162 160 
160 AR400F 18 351 106.2 1.000 160 
161 B12.1 20 350 116.7 1.099 160 
162 B10.1 20 354 116.8 1.100 160 
163 B3.1 20 347 129.1 1.216 160 
164 B6.1 21 391 115.2 1.085 160 
165 B11.1 20 346 111.9 1.054 168 
166 B12.2 20 361 120.1 1.071 168 
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167 B2.2 16 357 67.1 0.599 168 
168 AR400F 15 354 112.1 1.000 168 
169 B7.2 20 354 121.4 1.084 168 
170 B5.2 16 354 109.9 0.981 168 
171 B1.2 16 351 76.0 0.678 168 
172 B8.2 21 358 111.0 1.006 174 
173 B4.2 21 352 139.3 1.262 174 
174 AR400F 18 354 110.4 1.000 174 
175 B11.2 19 351 116.0 1.051 174 
176 B3.2 18 354 134.2 1.216 174 
177 B13.2 20 351 129.5 1.130 179 
178 B9.2 21 353 121.9 1.063 179 
179 AR400F 18 349 114.6 1.000 179 
180 B10.2 19 351 125.2 1.092 179 
181 B6.2 21 347 119.9 1.046 179 
182 B12.3 18 356 121.1 1.084 184 
183 B9.3 19 352 121.0 1.084 184 
184 AR400F 22 352 111.6 1.000 184 
185 B1.3 23 354 82.5 0.739 184 
186 B10.3 26 352 123.1 1.103 184 
187 B3.3 22 352 133.0 1.191 184 
188 B8.3 20 352 112.7 0.978 184 
189 B11.3 21 351 116.2 1.009 190 
190 AR400F 17 352 115.2 1.000 190 
191 B2.3 18 350 80.4 0.697 190 
192 B13.3 19 352 131.9 1.145 190 
193 B7.3 21 351 122.3 1.061 190 
194 B4.3 21 350 138.2 1.201 190 
195 B5.3 24 349 111.3 0.967 196 
196 AR400F 17 356 115.1 1.000 196 
197 B6.3 22 356 116.7 1.014 196 
198 B12.4 20 355 126.0 1.095 196 
199 B6.4 21 369 113.7 1.083 196 
200 B9.4 19 346 117.1 1.115 201 
201 AR400F 18 341 105.0 1.000 201 
202 B7.4 21 335 113.6 1.081 201 
203 B10.4 20 334 115.8 1.103 201 
204 B4.4 22 341 133.6 1.261 201 
205 B2.4 21 339 75.4 0.712 201 
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206 AR400F 18 334 105.9 1.000 206 
207 B11.4 23 363 109.2 1.031 206 
208 B13.4 21 340 122.7 1.078 206 
209 B3.4 21 342 125.4 1.101 206 
210 AR400F 19 340 113.9 1.000 210 
211 B1.4 20 336 76.4 0.671 210 
212 B8.4 22 339 104.2 0.915 210 
213 B5.4 17 337 105.5 0.927 210 
214 AR400F 26 349 112.9 1.000 214 
215 AR400F 25 387 113.4 1.000 215 
216 AR400F 26 347 117.5 1.000 216 
217 C9CQ.1 26 351 120.4 1.025 216 
218 C3CQ.1 29 350 124.8 1.062 216 
219 C9CQ.2 37 347 115.3 0.981 216 
220 C3CQ.2 38 348 122.1 1.039 216 
221 C1T.1 31 349 91.8 0.819 223 
222 C1T.2 37 342 92.8 0.829 223 
223 AR400F 31 345 112.1 1.000 223 
224 C3CQ.3 32 348 121.4 1.083 223 
225 C9CQ.3 32 348 118.7 1.059 223 
226 C1T.3 38 352 95.8 0.855 223 
227 C9CQ.4 36 345 117.7 1.051 223 
228 C3CQ.4 26 344 124.0 1.107 230 
229 C1T.4 25 345 90.8 0.811 230 
230 AR400F 21 349 112.8 1.000 230 
231 A.1 24 334 127.4 1.130 230 
232 B.1 30 341 150.9 1.338 230 
233 C.1 25 337 115.8 1.026 230 
234 A.2 26 345 125.5 1.112 230 
235 B.2 32 346 142.3 1.261 230 
236 C.2 24 348 111.1 1.013 237 
237 AR400F 24 345 109.7 1.000 237 
238 B.3 33 340 142.9 1.303 237 
239 C.3 25 340 114.9 1.047 237 
240 A.4 25 345 127.0 1.157 237 
241 A.3 28 344 125.6 1.145 237 
242 B.4 32 345 142.4 1.298 237 
243 C.4 25 350 110.4 1.006 237 
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 APPENDIX E: IMPELLER DATA 
Tabulated results of the Impeller raw data are shown in Table E.1. Each sample was normalized 
to a linear interpolation of two reference samples. These two samples were the closest reference tested 
prior to the sample and the closest reference after the tested sample. 















1 AR400F 42.6 1.000 1 
2 CT1.1 25.3 0.594 1 
3 CT1.2 21.4 0.503 1 
4 CT1.3 23.1 0.543 1 
5 C5.1 20.7 0.489 1 
6 C5.2 20.3 0.477 1 
7 C5.3 13.6 0.319 1 
8 C8.1 10.3 0.253 14 
9 C8.2 17.9 0.440 14 
10 C8.3 17.1 0.421 14 
11 C11.1 16.4 0.405 14 
12 C11.2 17.2 0.423 14 
13 C11.3 14.0 0.345 14 
14 AR400F 40.6 1.000 14 
15 AR400F 27.1 1.000 15 
16 HF3.1 14.3 0.527 15 
17 HF3.2 15.4 0.567 15 
18 HF3.3 12.1 0.446 15 
19 AR400F 17.9 1.000 19 
20 301SS.1 21.7 1.212 19 
21 301SS.2 25.6 1.429 19 
22 301SS.3 24.2 1.353 19 
23 AR400F 25.4 1.000 23 
24 C3CQ.1 21.1 0.873 23 
25 C3CQ.2 18.4 0.798 23 
26 C3CQ.2 17.3 0.792 23 
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27 C3.1 16.7 0.810 23 
28 C3.2 14.3 0.739 23 
29 C3.3 13.7 0.753 23 
30 C9.1 11.5 0.675 36 
31 C9.2 11.7 0.739 36 
32 C9.3 11.2 0.770 36 
33 C9CQ.1 9.6 0.721 36 
34 C9CQ.2 9.3 0.765 36 
35 C9CQ.3 8.5 0.780 36 
36 AR400F 9.7 1.000 36 
 
 
  131 
 APPENDIX F: BOND DATA 
Tabulated results of the Impeller raw data are shown in Table F.1. The samples were normalized 
to the average of three AR400F volume losses. 












1 301SS.1 14.4 1.089 
2 AR400F 13.7 1.000 
3 301SS.2 13.9 1.052 
4 AR400F 11.8 1.000 
5 301SS.3 16.0 1.216 
6 AR400F 14.0 1.000 
7 HF3.1 13.7 1.042 
8 HF3.2 12.8 0.973 
9 HF3.3 11.3 0.861 
10 SAE 4325.1 14.8 1.125 
11 SAE 4325.2 16.1 1.222 
12 C1T.1 18.1 1.378 
13 C1T.2 16.4 1.244 
14 C1T.3 17.1 1.300 
15 C5.1 16.4 1.247 
16 C5.2 15.8 1.204 
17 C5.3 15.1 1.144 
18 C8.1 15.0 1.141 
19 C8.2 15.0 1.138 
20 C8.3 13.9 1.056 
21 C11.1 14.8 1.120 
22 C11.2 14.9 1.123 
23 C11.3 13.0 0.987 
24 C9CQ.1 16.8 1.276 
25 C9CQ.2 16.2 1.231 
26 C9CQ.3 14.0 1.062 
27 C3CQ.1 17.9 1.361 
28 C3CQ.2 15.9 1.206 
29 C3CQ.3 13.8 1.047 
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30 C3.1 16.4 1.247 
31 C3.2 14.9 1.129 
32 C3.3 14.3 1.096 
33 C9.1 15.5 1.179 
34 C9.2 15.3 1.165 
35 C9.3 14.0 1.069 
 
 
